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Preface

National Ambient Air Quality Standards (NAAQS) are promulgated by the United States
Environmental Protection Agency (U.S. EPA) to meet requirements set forth in Sections 108 and
109 of the U.S. Clean Air Act (CAA). Sections 108 and 109 require the EPA Administrator:

(1) to list widespread air pollutants that may reasonably be expected to endanger public health or
welfare; (2) to issue air quality criteria for them which assess the latest available scientific
information on nature and effects of ambient exposure to them; (3) to set “primary” NAAQS to
protect human health with adequate margin of safety and to set “secondary” NAAQS to protect
against welfare effects (e.g., effects on vegetation, ecosystems, visibility, climate, manmade
materials, etc); and (5) to periodically (every 5-yrs) review and revise, as appropriate, the criteria
and NAAQS for a given listed pollutant or class of pollutants.

The original U.S. NAAQS for particulate matter (PM), issued in 1971 as “total suspended
particulate” (TSP) standards, were revised in 1987 to focus on protecting against human health
effects associated with exposure to ambient PM less than 10 microns (< 10 um) that are capable
of being deposited in thoracic (tracheobronchial and alveolar) portions of the lower respiratory
tract. Later periodic reevaluation of newly available scientific information, as presented in the
last previous version of this “Air Quality Criteria for Particulate Matter” document published in
1996, provided key scientific bases for PM NAAQS decisions published in July 1997. More
specifically, the PM,, NAAQS set in 1987 (150 pg/m’, 24-h; 50 ug/m’, annual ave.) were
retained in modified form and new standards (65 pg/m’, 24-h; 15 pg/m’, annual ave.) for
particles < 2.5 um (PM, ;) were promulgated in July 1997.

This First External Review Draft of revised Air Quality Criteria for Particulate Matter
assesses new scientific information that has become available since early 1996 through mid-
1999. Extensive additional pertinent information is expected to be published during the next 6 to
9 months (including results from a vastly expanded U.S. EPA PM Research program and from
other Federal and State Agencies, as well as other partners in the general scientific community)
and, as such, the findings and conclusions presented in this draft document must be considered
only provisional at this time. The present draft is being released for public comment and review

by the Clean Air Scientific Advisory Committee (CASAC) mainly to obtain comments on the
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organization and structure of the document, the issues addressed, and the approaches employed
in assessing and interpreting the thus far available new information on PM exposures and effects.
Public comments and CASAC review recommendations will be taken into account, along with
newly available information published or accepted for peer-reviewed publication by April/May
2000, in making further revisions to this document for incorporation into a Second External
Review Draft. That draft is expected to be released in June 2000 for further public comment and
CASAC review (September 2000) in time for final revisions to be completed by December
2000). Evaluations contained in the present document will be drawn upon to provide inputs to
associated PM Staff Paper analyses prepared by EPA’s Office of Air Quality Planning and
Standards (OAQPS) to pose options for consideration by the EPA Administrator with regard to
proposal and, ultimately, promulgation by July 2000 of decisions on potential retention or
revision of the current PM NAAQS.

This document was prepared and reviewed by experts from Federal and State government
agencies, academia, industry, and NGO’s for use by EPA in support of decision making on
potential public health and environmental risks of ambient PM. It describes the nature, sources,
distribution, measurement, and concentrations of PM in both the outdoor (ambient) and indoor
environments and evaluates the latest data on the health effects in exposed human populations, as
well as environmental effects on: vegetation and ecosystems; visibility and climate; manmade
materials; and associated economic impacts. Although not intended to be an exhaustive literature
review, this document is intended to assess all pertinent literature through mid-1999.

The National Center for Environmental Assessment — Research Triangle Park, NC
(NCEA-RTP) acknowledges the contributions provided by authors, contributors, and reviewers

and the diligence of its staff and contractors in the preparation of this document.

October 1999 [I-iv DRAFT-DO NOT QUOTE OR CITE



Air Quality Criteria for Particulate Matter

VOLUME I

1. EXECUTIVE SUMMARY ... ... . 1-1
2. INTRODUCTION . ... e 2-1

3. PHYSICS, CHEMISTRY, AND MEASUREMENT OF
PARTICULATE MATTER . ... .. e 3-1

4. CONCENTRATIONS, SOURCES, AND EMISSIONS OF

ATMOSPHERIC PARTICLES .. ... .. e 4-1
APPENDIX 4A: Composition of Particulate Matter Source
Emissions ........ ... ... i 4A-1

5. HUMAN EXPOSURE TO AMBIENT PARTICULATE MATTER:
RELATIONS TO CONCENTRATIONS OF AMBIENT AND
NON-AMBIENT PARTICULATE MATTER AND OTHER AIR
POLLUT ANTS .. e 5-1
APPENDIX 5A: Nomenclature .............. i .. 5A-1

VOLUME 11

6. EPIDEMIOLOGY OF HUMAN HEALTH EFFECTS FROM
AMBIENT PARTICULATE MATTER ... ... .. . . . .. 6-1

7. DOSIMETRY AND TOXICOLOGY OF PARTICULATE
MATTER . . 7-1

8. INTEGRATIVE SYNTHESIS OF KEY POINTS: PARTICULATE

MATTER EXPOSURE, DOSIMETRY, AND HEALTHRISKS .......... 8-1
VOLUME IIT
9. ENVIRONMENTAL EFFECTS OF PARTICULATE MATTER ......... 9-1

October 1999 II-v DRAFT-DO NOT QUOTE OR CITE



List of Tables

List of Figures

Authors, Contributors, and Reviewers

Table of Contents

U.S. Environmental Protection Agency Project Team for Development of

6.

Air Quality Criteria for Particulate Matter ........... ... ... ... .. .. ... .. ....

EPIDEMIOLOGY OF HUMAN HEALTH EFFECTS FROM AMBIENT

PARTICULATE MATTER .. ... e
6.1 INTRODUCTION ... ... e
6.2 MORBIDITY EFFECTS OF PARTICULATE MATTER EXPOSURE . ... ...

6.3

6.2.1

6.2.2

6.2.3

6.2.4

6.3.1
6.3.2

October 1999

Short-Term Effects on Lung Function and Respiratory Symptoms . . . ..

6.2.1.1 Short-Term Effects on Lung Function And Respiratory

Symptoms in Asthmatics .. .......... ... .. ... .. .. .....

6.2.1.2 Short-Term Effects on Lung Function and Respiratory

Symptoms in Non-Asthmatics .. ........................
6.2.1.3 Discussion of Co-Pollutant Studies . .....................

Long-Term Exposure Effects on Lung Function and Respiratory

Symptoms . . ..o

Effects of Short-Term PM Exposure on the Incidence of Respiratory

Medical Visits and Hospital Admissions . ........................
6.2.3.1 Introduction ........... ...

6.2.3.2 Summary and Implications of Studies Assessed in the

1996 PMAQCD ...
6.2.3.3 Key New Respiratory Medical Visits Studies .............
6.2.3.4 Key New Hospital Admissions Studies . ..................

6.2.3.5 Syntheses of Comparable Hospital Admissions PM,, and

SO, Studies . ...
6.2.3.6 Overall Conclusions ...............coiiiiiiinenan ..
Cardiovascular Effects Associated with Acute Ambient PM Exposure ..
6.2.4.1 Introduction ........... ... ...
6.2.4.2 Summary of Conclusions from 1996 PM AQCD ...........
6.2.43 Review of New Studies . ..............coiiinan...
6.2.4.4 Individual-Level Studies of Cardiovascular Physiology ... ...
MORTALITY EFFECTS OF PARTICULATE MATTER EXPOSURE
Introduction . ...... ... .
Mortality Effects of Short-Term Particulate Matter Exposure .. .......

6.3.2.1 Summary of 1996 PM Criteria Document Findings on

Unresolved Issues ............ ... ...,
6.3.2.2 New Multi-City Studies . .. .......... ...,
6.3.2.3 New Results From Individual City Studies ................

6.3.2.4 New Studies on the Temporal Structure of Short-Term

Effects . ...



Table of Contents

(cont’d)
Page
6.3.2.5 New Assessments of Confounding ....................... 6-93
6.3.2.6 New Assessments of Cause-Specific Mortality .. ............ 6-98
6.3.2.7 New Assessment of Methodological Issues ............... 6-100
6.3.2.8 Summary of Newly Available Information ................ 6-101
6.3.3 Human Mortality and Long-Term Exposure to PM of Ambient
OFIZIN .ottt e 6-103
6.3.3.1 Studies Published Prior to the 1996 Particulate Matter
Criteria Document ............... ..., 6-103
6.3.3.2 Prospective Cohort Studies of Chronic Exposure Published
Since the Last Particulate Matter Criteria Document . ....... 6-107
6.3.3.3 Relationship of AHSMOG to Six Cities and ACS Study
Findings . ... ... ... . 6-117
6.3.3.4 Population-Based Mortality Studies in Children . ........... 6-122
6.3.3.5 Studies by Particulate Matter Size-Fraction and
CompoOSItION . ..ottt 6-123
6.3.3.6 Shortening-of-Life Associated with Long-Term Exposure
to Particulate Matter of Ambient Origins ................. 6-125
6.3.3.7 Effects of Exposure to Multiple Pollutants ................ 6-126
6.3.3.8 DISCUSSION ...ttt 6-129
6.3.3.9 Conclusions . ........ ...t 6-131
6.4 DISCUSSION OF EPIDEMIOLOGY FINDINGS ....................... 6-132
6.4.1 Overview of Section .. ... ...t 6-132
6.4.2 Relationship of Ambient Concentrations to Specific Diseases and
A GIOUPS vt ittt e e 6-135
6.4.2.1 AsthmaStudies ......... ... .. . i 6-135
6.4.2.2 Other Non-Asthma Studies ............... ... .. ... .... 6-139
6.4.2.3 Cardiovascular Effects of Ambient PM Exposure .......... 6-139
6.4.2.4 Issues in the Interpretation of Acute Cardiovascular
Effects Studies .......... ... 6-140
6.4.3 Consistency of Health Effects for Short-Term and Long-Term
EXpOSUIe . ..o 6-142
6.4.4 Susceptible Populations . ......... .. ... .. ... . 6-146
6.4.4.1 Summary of Previous Criteria Document ................. 6-146
6.4.4.2 Children as a Susceptible Subpopulation ................. 6-147
6.4.5 Consistency of Mortality and Morbidity Effects (Coherence) ......... 6-155
6.4.6 Effects of PM Size Distribution and Composition . ................. 6-157
6.4.6.1 Summary of Previous 1996 PM AQCD .................. 6-157
6.4.6.2 Assessment of Effects of PM, ; and Gaseous Co-Pollutants ... 6-159
6.4.6.3 Factors and Components IncludingPM .................. 6-180
6.4.6.4 Chemical Components of PM,;and PM,, ................ 6-181

October 1999

[-viii DRAFT-DO NOT QUOTE OR CITE



Table of Contents

(cont’d)
Page
6.4.7 Effects of Exposure Estimation and Model Specification Errors in
Epidemiology Studies . ......... ... ... . . 6-182
6.4.7.1 Measurement Errors in Air Pollution Exposure Surrogates:
General ISSUES ... .. .v it 6-183
6.4.7.2 New Theoretical Assessments of Consequences of
Measurement Error . .......... .. ... . i 6-185
6.4.7.3 Concentration-Response Relationships ................... 6-191
6.4.7.4 Methodology Issues in Modeling Time Series Studies . ...... 6-193
6.4.7.5 General Issues in Modeling Prospective Cohort Studies . . . . .. 6-195
6.4.7.6 Effects of Co-Pollutants on Estimated PM Effects .......... 6-195
6.4.8 Synthesis of Information from Multiple Studies: Meta-Analyses . ... .. 6-197
6.4.8.1 General Issues .......... .. . i 6-197
6.4.8.2 Other Recent Research Syntheses and Reviews ............ 6-201
6.5 THE USE OF EPIDEMIOLOGY STUDIES FOR CAUSAL INFERENCES
ABOUT PM HEALTH EFFECTS . ... ... . 6-201
6.5.1 Causal Inference and Preventive Intervention ..................... 6-201
6.5.2 Biological Plausibility in Causal Inference ....................... 6-204
6.5.3 Natural Experiments, Quasi-Experiments, and Causal Inference ...... 6-205
6.6 CONCLUSIONS AND DISCUSSION .. ..o 6-206
6.6.1 Conclusions .. ........... .t 6-206
6.6.2 PM Health Effects May Occur in Any Size Fraction; Some Health
Effects May Also Be Absent From Some Mass Fractions Under
Some Circumstances . ... .......c.ouvuminenenenennn. 6-208
6.6.3 PM Health Effects at Different Time Scales ...................... 6-211
6.6.4 Alternative Hypotheses for Adverse Health Effects .. ............... 6-212
REFERENCES . . .. e e e e 6-216
DOSIMETRY AND TOXICOLOGY OF PARTICULATE MATTER ............... 7-1
7.1 INTRODUCTION . ... e e e 7-1
7.2 PARTICLE DOSIMETRY .. ... e 7-2
7.2.1 Introduction . .......... ... 7-2
7.2.1.1 Size Characterization of Inhaled Particles ................... 7-4
7.2.1.2  Structure of the Respiratory Tract ......................... 7-5
7.2.2  Factors Controlling Dose ......... ... .. ... . ... 7-5
7.2.3  Particle Deposition . ... ..........ii i 7-6
7.2.3.1 Mechanisms of Deposition .............................. 7-6
7.2.3.2 Deposition Patterns in the Human Respiratory Tract .......... 7-8
7.2.3.3 Biological Factors Modifying Deposition .................. 7-13
7.2.3.4 Interspecies Patterns of Deposition ....................... 7-20
7.2.4 Particle Clearance and Translocation ............................. 7-22
7.2.4.1 Mechanisms and Pathways of Clearance . .................. 7-22

October 1999 I-ix DRAFT-DO NOT QUOTE OR CITE



Table of Contents

(cont’d)

Page
7.2.4.2 Clearance Kinetics ... ...t nnen.. 7-27
7.2.4.3 Interspecies Patterns of Clearance ........................ 7-31
7.2.4.4 Biological Factors Modifying Clearance . .................. 7-32
7.2.5 Particle Overload ....... ... .. . 7-35

7.2.6  Comparison of Deposition and Clearance Patterns of Particles
Administered by Inhalation and Intratracheal Instillation ............. 7-35
7.2.7 Modeling the Disposition of Particles in the Respiratory Tract ......... 7-38
7.2.7.1 Modeling Deposition and Clearance ...................... 7-38
7.2.7.2 Models To Estimate Retained Dose ...................... 7-42
7.3 TOXICOLOGY OF PARTICULATEMATTER . ......... ... ... ... ... 7-44
7.3.1 Summary of Previous Criteria Document ......................... 7-44
7.3.1.1 Acid Aerosols . ... .. 7-44
7.3.1.2 Metals ... 7-46
7.3.1.3 Ultrafine Particles ......... ... .. .. . .. 7-46
7.3.1.4 Bi0oaerosols . .......... . 7-47
7.3.1.5 “Other Particulate Matter” . ............ ... ... ... ...... 7-47
7.3.2  Respiratory Effects of Particles .............. ... ... ... ........ 7-48
7.3.3 Effectsin HealthyHumans . ............ ... ... ... ... ... ...... 7-49
7.3.3.1 Human Acid Aerosol Exposure Studies ................... 7-49
7.3.4 Effectsin Healthy Animals . ............ .. ... ... ... .. ... ...... 7-53
7.3.4.1 Ambient Particles ......... ... .. .. .. i 7-53
7.3.4.2 Coal Fly Ash or Residual Oil FlyAsh . .................... 7-61
7.3.43 InVitro EXposures . ............ it 7-66
7.3.5 Susceptibility to the Effects of PM Exposure . ...................... 7-78
7.3.5.1 Effects of PM on Cardiopulmonary Compromised Hosts . . .. .. 7-78
7.3.5.2 Effect of PM on AllergicHosts .......................... 7-80
7.3.5.3 Resistance to Infectious Disease ......................... 7-86
7.4 CARDIOVASCULAR AND OTHER SYSTEMIC RESPONSES TOPM .. ... 7-88
7.5 RESPONSES TO PM AND GASEOUS POLLUTANT MIXTURES ......... 7-91
7.6 MECHANISMS OF PM TOXICITY AND PATHOPHYSIOLOGY .......... 7-97
7.6.1 Introduction ........... ... ... 7-97
7.6.2  Soluble Metals and Reactive Oxygen Intermediates ................. 7-97
7.6.3 Intracellular Signaling Mechanisms ............................. 7-100
7.6.4 The Role of Particle Size and Surface Area ....................... 7-102
7.6.5 SUMMATY . . ..ot 7-104
REFERENCES . . .. e e e e 7-105

8. INTEGRATIVE SYNTHESIS OF KEY POINTS: PM EXPOSURE,

DOSIMETRY, AND HEALTHRISKS . ... ... 8-1
8.1 INTRODUCTION . ... e e e e e 8-1

October 1999 II-x DRAFT-DO NOT QUOTE OR CITE



Table of Contents

(cont’d)
Page
8.2 AIRBORNE PARTICLES: DISTINCTIONS BETWEEN FINE AND
COARSE PARTICLES AS SEPARATE POLLUTANT SUBCLASSES ........ 8-1
8.2.1 Size DIStINCIONS . . . o .ottt 8-3
8.2.2 Formation Mechanisms . .......... ... .. i 8-5
8.2.3 Chemical CompoSIition ... ... ......titininini i, 8-7
8.2.3.1 Fine-Mode Particulate Matter ................. .. ... .. .... 8-7
8.2.3.2 Coarse-Mode Particulate Matter .......................... 8-8
8.2.4 Atmospheric Behavior ........... .. ... .. .. .. 8-9
8.2.5  SOUICES ... .v ittt 8-9
8.2.6 Community and Personal Ambient PM Concentrations Exposure
Relationships . ... 8-11
8.3 FACTORS AFFECTING DOSIMETRY . ... ..o 8-14
8.3.1 Factors Determining Deposition and Clearance .. ................... 8-14
8.3.2 Factors Determining Toxicant-Target Interactions and Response .. ... .. 8-18
8.3.3 Construction of Exposure-Dose-Response Continuum for PM . ........ 8-20
8.4 EXPANDING EPIDEMIOLOGIC INFORMATION ON HEALTH
EFFECTS OF PARTICULATE MATTER ...... ... .. .. .. . .. 8-21
8.4.1 Introduction . ........ .. ...t 8-21
8.4.2 Strengths and Limitations in the Newly Available Daily
Time-Series Studies . ........... . i 8-27
8.4.3 Combining Results from Hospital Admissions Studies ............... 8-28
8.4.4 Strengths and Limitations of Prospective Cohort Studies ............. 8-30
8.4.5 Evaluating the Coherence of the New Studies ...................... 8-33
8.4.6 Evaluating the Plausibility of Inferences about the Relationships
Between Human Health and Ambient PM Concentrations ............ 8-38
8.4.7 Assessing the Extent to Which Adverse Health Effects Are
Attributable to PM Size Fractions or Components, or Other
Environmental Factors ............ ... . . . . . i 8-39
8.4.7.1 Introduction ......... ... ... i 8-39
8.4.7.2 Epidemiology Evidence Suggesting That Crustal Particles
Are Less Harmful to Human Health ...................... 8-40
8.4.7.3 Toxicology Evidence Suggesting That Crustal Particles
Are Less Harmful to Human Health ...................... 8-47
8.4.8 Quantifying the Relationships Between Ambient PM Concentrations
and Adverse Health Effects in Susceptible Subpopulations at
Different Time Scales . ... i 8-47
8.5 TOXICOLOGIC EVALUATION OF PATHOPHYSIOLOGIC EFFECTS
OF PM CONSTITUENTS AND MECHANISMS OF ACTION ............. 8-50
8.5.1 Possible Mechanisms of PM-Induced Injury ....................... 8-50
8.5.2 Ultrafine Particles .. ......... i 8-53
8.5.3 BI0aerosols ... ... 8-54

October 1999 I-xi DRAFT-DO NOT QUOTE OR CITE



Table of Contents

(cont’d)
Page
8.5.4 Metals .. ... 8-55
8.5.5 Concentrated Ambient Particles . .......... ... ... .. ... ... ..., 8-56
8.5.6  SUMMATrY . . ... 8-56
REFE RENCES . . 8-58

October 1999 II-xii DRAFT-DO NOT QUOTE OR CITE



Number

6-2A

6-3

6-4

6-5

6-6

6-7

6-8

6-10

6-11

6-12

List of Tables

Page
Alternative Versions of Hypothesis 1 That May Affect the Synthesis of
Epidemiology Studies ......... ... . ... 6-2
Effect of 50 ug/m® PM,, on Evening Peak Flow in Asthmatics Lagged
ZeroorOne Day .. ... .. 6-15
Effect of 50 ug/m® PM,, on Morning Peak Flow in Asthmatics Lagged
ZeroorOne Day .. ... ... 6-16
Effect of 50 ug/m® PM,, on Evening Peak Flow in Asthmatics Lagged
Twoto Five Days . .. ..o 6-16
Effect of 25 ug/m® PM, 5 on Evening Peak Flow in Asthmatics Lagged
ZeroorOne Day .. ... ... 6-17
Effect of 25 ug/m® PM, 5 on Evening Peak Flow in Asthmatics Lagged
Twoto Five Days . . . ..o 6-17
Effect of 50 ug/m® PM,, on Cough in Asthmatics Lagged Zero or One Day . ... 6-17
Effect of 50 ug/m® PM,, on Cough in Asthmatics Lagged Two to Five Days ... 6-18
Effect of 50 ug/m® PM,, on Phlegm in Asthmatics Lagged Zero or One Day ... 6-18
Effect of 50 ug/m® PM,, on Phlegm in Asthmatics Lagged Two to Five Days ... 6-19
Effect of 50 ug/m*® PM,, on Difficulty in Breathing in Asthmatics
Lagged ZeroorOne Day ........ ... .. 6-19
Effect of 50 ug/m® PM,, on Difficulty in Breathing in Asthmatics
Lagged Twoto Five Days . ........c. .o 6-20
Effect of 50 ug/m* PM,, on Bronchodilator Use in Asthmatics Lagged
ZeroorOne Day .. ... .. 6-20
Effect of 50 ug/m* PM,, on Bronchodilator Use in Asthmatics Lagged
Twoto Five Days . . . ..ot 6-20
Effect of 50 ug/m® PM,, on Peak Flow in Non-Asthmatics Lagged
ZeroorOne Day .. ... ... 6-24

October 1999 I-xiii DRAFT-DO NOT QUOTE OR CITE



Number

6-15

6-16

6-17

6-18
6-19
6-20
6-21

6-22

6-23

6-24

6-25

6-26

6-27

6-28

6-29

List of Tables
(cont’d)

Effect of 50 ug/m*® PM,, on Cough in Non-Asthmatics Lagged Zero or
One Day . ... ..o

Effect of 50 ug/m® PM,, on Lower Respiratory Illness in Non-Asthmatics
Lagged ZeroorOne Day ........ ...,

Effect of 50 ug/m® PM,, on Upper Respiratory Illness in Non-Asthmatics
Lagged ZeroorOne Day ........ ... ..

Other Asthmatic Panel Studies ......... ... .. .. .. .. . . ...
Other Non-Asthmatic Panel Studies ........... ... ... ... .. .. .. ... ....
Comparable Respiratory Hospital Admissions PM,, Studies ................
Comparable Respiratory Hospital Admissions SO, studies . .................

Synthesis of Comparable Time-Series Hospital Admissions Studies’
Estimates of Relative Risk Due to PM,, Exposure ........................

Synthesis of Comparable Time-Series Hospital Admissions Studies’
Estimates of Relative Risk Due to SO, Exposure ........................

Summaries of Recently Published Single-City PM Time-Series Studies .......

Relative Risk of Mortality from Contributing Non-Malignant Respiratory
Causes, for 30 Days Per Year with PM,,> 100 ug/m® ....................

Relative Risk of Mortality from Contributing Non-Malignant Respiratory
Causes, by Sex and Air Pollutant, with Alternative Covariate Model ... ... ...

Relative Risk of Mortality From all Non-External Causes, by Sex and
Air Pollutant, for an Alternative Covariate Model .......................

Relative Risk of Mortality From Cardiopulmonary Causes, by Sex and
Air Pollutant, for an Alternative Covariate Model .......................

Relative Risk of Mortality from Lung Cancer, by Sex and Air Pollutant,
for an Alternative Covariate Model .. ....... ... .. .. .. .. .. .. ... ...

October 1999 [-xiv DRAFT-DO NOT QUOTE OR

CITE



Number

6-30

6-31

6-32

6-33

6-34

6-35

6-36

6-37

6-38

6-39

6-40

6-41

6-42

List of Tables

(cont’d)

Page
Relative Risk of Lung Cancer Incidence in Males, by Air Pollutant,
for Adventist Health Study . ........ ... ... ... ... . .. .. ... .. ... ... 6-115
Relative Risk of Lung Cancer Incidence in Females, by Air Pollutant,
for Adventist Health Study . ........ ... ... .. . ... ... . . ... .. ... 6-116
Relative Risk of Total Mortality in Three Prospective Cohort Studies,
by Sex and Smoking Status ........... ... 6-118
Relative Risk of Cardiopulmonary Mortality in Three Prospective
Cohort Studies, by Sex and Smoking Status ............................ 6-119
Relative Risk of Lung Cancer Mortality in Three Prospective Cohort
Studies, by Sex and Smoking Status ............ ... i 6-120
Comparison of Estimated Relative Risks for All-Cause Mortality in
Six U.S. Cities Associated with the Reported Inter-City Range of
Concentrations of Various PM Metrics .. ....... ... .. ... .. .. .. .. ... 6-124
Comparison of Reported SO, and PM, ; Relative Risks for Various
Mortality Causes inthe ACS Study . ........ ... . i, 6-124
Comparison of Total Mortality Relative Risk Estimates and t-Statistics
for PM Components in Three Prospective Cohort Studies ................. 6-128
Comparison of Cardiopulmonary Mortality Relative Risk Estimates and
t-Statistics for PM Components in Three Prospective Cohort Studies ........ 6-129
Recent PM Studies of Pulmonary Function Tests or Acute Respiratory
Symptoms in School-Age Children, Generally Using Panel Studies . ......... 6-149
Recent PM Studies of Emergency Department Visits, Hospital Admissions,
or Doctor’s Visits in Children, Attributable to Short-Term PM Exposure . . ... 6-151
Neonatal, Infant, and Child Mortality Attributable to Short-Term
PM EXPOSUIE . . ..ottt e e e e e 6-152
Recent PM Studies of Pulmonary Function Tests or Respiratory Symptoms
in School-Age Children Attributable to Long-Term PM Exposure . .......... 6-153

October 1999 II-xv DRAFT-DO NOT QUOTE OR CITE



Number

6-43

6-44
6-45
6-46
6-47
6-48
6-49
6-50
6-51
6-52
6-53

6-54

6-55

6-56

6-57

7-1

7-2

List of Tables
(cont’d)

Other Neonatal and Infant Effects Attributable to Longer Term
PM EXDPOSUIE . ...

Sensitivity of PM Relative Risk Estimate to Co-pollutants Models ..........
Sensitivity of PM Relative Risk Estimate to Co-pollutants Models ..........
Sensitivity of PM Relative Risk Estimate to Co-pollutants Models ..........
Sensitivity of PM Relative Risk Estimate to Co-pollutants Models ..........
Sensitivity of PM Relative Risk Estimate to Co-pollutants Models ..........
Sensitivity of PM Relative Risk Estimate to Co-pollutants Models ..........
Sensitivity of PM Relative Risk Estimate to Co-pollutants Models ..........
Sensitivity of PM Relative Risk Estimate to Co-pollutants Models ..........
Sensitivity of PM Relative Risk Estimate to Co-pollutant Models ...........
Sensitivity of PM Relative Risk Estimate to Co-pollutants Models ..........

Sensitivity of PM Relative Risk Estimate for Total Mortality to
Co-pollutant Models . ......... .. ..

Sensitivity of PM Relative Risk Estimate for Infant Mortality to
Co-pollutant Models . ....... ... . ..

Effects of Including One or More Gaseous Co-pollutants on PM, s
Relative Risk Estimates for Hospital Admissions and Mortality in

Toronto, Santa Clara County, and Southwest Mexico City .................

Conclusions About Alternative Hypotheses That May Affect the Synthesis
of Epidemiology Studies ............. . ... i

Overview of Respiratory Tract Particle Clearance and Translocation
Mechanisms . . ....... .. i

Respiratory Effects of Particulate Matter . . .......... ... ... ... .. .. .....

October 1999 -xvi DRAFT-DO NOT QUOTE OR

CITE



Number
7-3
7-4
7-5

7-6

8-1

8-2

8-3

8-4

8-5

8-7

List of Tables

(cont’d)

Page
Effects of Particulate Matter Ex Vivo ......... ... .. .. .. .. .. .. .. ... 7-67
Immunological Effects of Particulate Matter .. ........................... 7-82
Cardiovascular Effects and Other Systemic Effects of Particulate Matter . ..... 7-89
Respiratory and Cardiovascular Effects of Mixtures . ...................... 7-92
Numbers and Surface Areas of Monodisperse Particles of Unit Density
of Different Sizes at a Mass Concentration of 10 ug/m® . .................. 7-102
Comparison of Physical and Chemical Properties of Ambient Particles:
Fine Mode (Nuclei Mode plus Accumulation Mode) and Coarse Mode .. ....... 8-2
Constituents and Major Sources of Atmospheric Particles .................. 8-10
Model Simulation Considering Regional Deposition for Fine and Coarse
PM,, for Mass and Number ......... .. .. .. .. . i 8-17
Fine and Coarse Mode: Exposure, Deposition, Epidemiology, and
Biological Effects . .. ... ... 8-22
Relative Risk of Total Mortality in Three Prospective Cohort Studies,
by Sex and Smoking Status . .......... ... 8-31
Relative Risk of Cardiopulmonary Mortality in Three Prospective
Cohort Studies, by Sex and Smoking Status .............. ... .. ... .. .... 8-32
Relative Risk of Lung Cancer Mortality in Three Prospective Cohort
Studies, by Sex and Smoking Status . ....... .. ... ... .. 8-33

October 1999 [I-xvii DRAFT-DO NOT QUOTE OR CITE



Number

6-1

6-2

6-6

6-7

7-1

7-2

7-3

8-1

8-2

8-4

List of Figures

Page
Relationship between the effect estimates from Katsouyanni et al. (1997)
and average teMpPErature ... ... ...ttt 6-72
Frequency distribution of the lag day for which PM RRs were computed
M 33Studies .. ..o 6-84
Relationship of ambient PM, s to relative risk of mortality and to deviations
of FEV, from its expected (standard) value in the Harvard Six Cities study . ... 6-158
Relationship of two health endpoints to PM, s in the Six Cities study ........ 6-158
Relative risk of total mortality from PM,  in southwest Mexico City as a
function of PM lag or moving average, with 95% confidence limits ......... 6-176
Relative risk of infant mortality from PM, 5 in southwest Mexico City as a
function of PM lag or moving average, with 95% confidence limits ......... 6-178
Ambient PM concentration isopleths and monitoring sites in a hypothetical
UFDAN ATCA . . . . ottt ettt 6-184
Total deposition data in humans as a function of particle size ................ 7-9
Major physical clearance pathways for particles deposited in the
extrathoracic region and tracheobronchial tree ........................... 7-24
Diagram of known and suspected clearance pathways for poorly soluble
particles depositing in the alveolar region . ............ .. .. .. ... .. .. ..... 7-26
Volume size distribution, measured in traffic, showing fine-mode and
coarse-mode particles and the nuclei and accumulation modes within
the fine-particlemode . ........ ... .. . .. 8-4
Human respiratory tract PM deposition fraction and PM,, or PM, 5 sampler
collection versus mass median aerodynamic diameter with geometric
standard deviation, 0, = 1.8 ....... ... oo 8-16
Distribution of coarse, accumulation, and nuclei or ultrafine mode
particles by three characteristics: volume, surface area, and number
for the grand average continental size distribution ........................ 8-19
Fort Ord, CA, dust episode: fine and coarse particles ..................... 8-42

October 1999 I-xix DRAFT-DO NOT QUOTE OR CITE



List of Figures

(cont’d)
Number Page
8-5 Spokane dust storm episodes .. ........ . 8-43
8-6 During normal wind conditions, accumulation mode particles dominate
PV s e 8-45

October 1999 II-xx DRAFT-DO NOT QUOTE OR CITE



Authors, Contributors, and Reviewers

CHAPTER 6. EPIDEMIOLOGY OF HUMAN HEALTH EFFECTS FROM
AMBIENT PARTICULATE MATTER
Principal Authors
Dr. Vic Hasselblad—29 Autumn Woods Drive, Durham, NC 27713

Dr. Kazuhiko Ito—New York University Medical Center, Institute of Environmental Medicine,
Long Meadow Road, Tuxedo, NY 10987

Dr. Patrick Kinney, Columbia University, 60 Haven Avenue, B-1, Room 119
New York, NY 10032

Dr. Dennis J. Kotchmar—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Allan Marcus—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. George Thurston—New York University Medical Center, Institute of Environmental
Medicine, Long Meadow Road, Tuxedo, NY 10987

Contributors and Reviewers

Dr. Burt Brunekreef—Agricultural University, Environmental and Occupational Health
P.O. Box 238, NL 6700 AE, Wageningen, The Netherlands

Dr. Richard Burnett—Health Canada, 200 Environmental Health Centre, Tunney’s Pasture,
Ottawa, Canada K1A 0L2

Dr. Raymond Carroll—Texas A & M University, Department of Statistics, College Station, TX
77843-3143

Dr. Robert Chapman—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Steven Colome—Integrated Environmental Services, 5319 University Drive, #430
Irvine, CA 92612

Dr. Ralph Delfino—University of California at Irvine, Epidemiology Division, Department of
Medicine, University of California at Irvine, Irvine, CA 92717

October 1999 [I-xxi DRAFT-DO NOT QUOTE OR CITE



Authors, Contributors, and Reviewers
(cont’d)

Dr. Douglas Dockery—Harvard School of Public Health, 665 Huntington Avenue, I-1414
Boston, MA 02115

Dr. Lawrence J. Folinsbee—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Lester D. Grant—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Paul Humphreys—University of Virginia, Department of Philosophy
Charlottesville, VA 22901

Dr. Fred Lipfert—23 Carll Court, Northport, NY 11768

Dr. Suresh Moolgavakar—Fred Hutchinson Cancer Research Center, 1100 Fairview Avenue.,
N-MP 665, Seattle, WA 98109

Dr. Robert D. Morris—Tufts University, 136 Harrison Avenue, Boston, MA 02111

Dr. Lucas Neas—National Health and Environmental Effects Research Laboratory (MD-58),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. David Mage—National Center for Environmental Assessment (MD-52), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Dr. James Robins—Harvard School of Public Health, Department of Epidemiology
Boston, MA 02115

Dr. Isabelle Romieu—Centers for Disease Control (CDC), 4770 Bufford Hwy, NE
Atlanta, GA 30341

Dr. Lianne Sheppard—University of Washington, Box 357232, Seattle, WA 98195-7232

Dr. Leonard Stefanski—North Carolina State University, Department of Statistics, Box 8203
Raleigh, N.C. 27695

Dr. Duncan Thomas—University of Southern California, Preventative Medicine Department
1540 Alcazar Street, CH-220, Los Angeles, CA 90033-9987

Dr. Clarice Weinberg—National Institute of Environmental Health Sciences, P.O. Box 12233
Research Triangle Park, NC 27709

October 1999 I-xxii DRAFT-DO NOT QUOTE OR CITE



Authors, Contributors, and Reviewers
(cont’d)

Dr. William Wilson—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Vanessa Vu—Office of Research and Development, U.S. Environmental Protection Agency
(8601), Waterside Mall, 401 M St. S.W., Washington, DC 20460

CHAPTER 7. DOSIMETRY AND TOXICOLOGY OF PARTICULATE MATTER

Principal Authors

Dr. Lung Chi Chen—New York University School of Medicine, Nelson Institute of
Environmetnal Medicine, 57 Old Forge Road, Tuxedo, NY 10987

Dr. Lawrence J. Folinsbee—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Terry Gordon—New York University Medical Center, Department of Environmental
Medicine, 57 Old Forge Road, Tuxedo, NY 10987

Dr. Richard Schlesinger—New York University School of Medicine, Department of
Environmental Medicine, 57 Old Forge Road, Tuxedo, NY 10987

Contributors and Reviewers

Dr. Dan Costa—National Health and Environmental Effects Research Laboratory (MD-82)
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Robert Devlin—National Health and Environmental Effects Research Laboratory (MD-58)
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Kevin Dreher—National Health and Environmental Effects Research Laboratory (MD-82)
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Andrew Ghio—National Health and Environmental Effects Research Laboratory (MD-58D)
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Judith Graham—National Exposure Research Laboratory (MD-75)
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

October 1999 [I-xxiii DRAFT-DO NOT QUOTE OR CITE



Authors, Contributors, and Reviewers
(cont’d)

Dr. Chong Kim—National Health and Environmental Effects Research Laboratory (MD-58B)
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Hillel Koren—National Health and Environmental Effects Research Laboratory (MD-58A)
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Ted Martonen—National Health and Environmental Effects Research Laboratory (MD-74)
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Jim Samet—National Health and Environmental Effects Research Laboratory (MD-58)
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. William Watkinson—National Health and Environmental Effects Research Laboratory
(MD-82), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. William Bennett—University of North Carolina at Chapel Hill, Campus Box 7310
Chapel Hill, NC 37599

Dr. Mark Frampton—University of Rochester, 601 Elmwood Avenue, Box 692, Rochester, NY
14642

Dr. John Godleski—421 Conant Road, Weston, MA 02493

Dr. Gunter Oberdorster—University of Rochester, Department of Environmental Medicine
Rochester, NY 14642

Dr. Kent Pinkerton—University of California, ITEH, One Shields Avenue, Davis, CA 95616

Dr. Peter J.A. Rombout—National Institute of Public Health and Environmental Hygiene,
Department of Inhalation Toxicology, P.O. Box 1, NL-3720 BA Bilthoven, The Netherlands

Dr. Vanessa Vu—Office of Research and Development, U.S. Environmental Protection Agency
(8601), Waterside Mall, 401 M St. S.W., Washington, DC 20460

October 1999 [I-xxiv DRAFT-DO NOT QUOTE OR CITE



Authors, Contributors, and Reviewers
(cont’d)

CHAPTER 8. INTEGRATIVE SYNTHESIS OF KEY POINTS: PM EXPOSURE,
DOSIMETRY, AND HEALTH RISKS
Principal Authors

Dr. Lawrence J. Folinsbee—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Dennis J. Kotchmar—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. David Mage—National Center for Environmental Assessment (MD-52), U.S. Environmental
Protection Agency, Research Triangle Park, NC 27711

Dr. Allan Marcus—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Joseph P. Pinto—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. William E. Wilson—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Contributors and Reviewers

Dr. Robert Chapman—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. William Ewald—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Lester D. Grant—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. James McGrath—National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Vanessa Vu—Office of Research and Development, U.S. Environmental Protection Agency
(8601), Waterside Mall, 401 M St. S.W., Washington, DC 20460

October 1999 II-xxv DRAFT-DO NOT QUOTE OR CITE



U.S. ENVIRONMENTAL PROTECTION AGENCY
PROJECT TEAM FOR DEVELOPMENT OF AIR QUALITY CRITERIA
FOR PARTICULATE MATTER

Scientific Staff

Dr. Lester D. Grant—Director, National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. Randy Brady—Deputy, National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Dr. Lawrence J. Folinsbee—Health Coordinator, Chief, Environmental Media Assessment
Group, National Center for Environmental Assessment (MD-52), U.S. Environmental Protection
Agency, Research Triangle Park, NC 27711

Dr. William E. Wilson—Air Quality Coordinator, Physical Scientist, National Center for
Environmental Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle
Park, NC 27711

Dr. Dennis J. Kotchmar—Project Manager, Medical Officer, National Center for Environmental
Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC
27711

Dr. Robert Chapman—Technical Consultant, Medical Officer, National Center for
Environmental Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle
Park, NC 27711

Ms. Beverly Comfort—Health Scientist, National Center for Environmental Assessment
(MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. William Ewald—Technical Project Officer, Health Scientist, National Center for
Environmental Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle
Park, NC 27711

Dr. David Mage—Technical Project Officer, Physical Scientist, National Center for
Environmental Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle
Park, NC 27711

Dr. Allan Marcus—Technical Project Officer, Statistician, National Center for Environmental
Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC
27711

October 1999 -xxvii DRAFT-DO NOT QUOTE OR CITE



U.S. ENVIRONMENTAL PROTECTION AGENCY
PROJECT TEAM FOR DEVELOPMENT OF AIR QUALITY CRITERIA

FOR PARTICULATE MATTER
(cont’d)

Dr. James McGrath—Technical Project Officer, Visiting Senior Health Scientist, National
Center for Environmental Assessment (MD-52), U.S. Environmental Protection Agency,
Research Triangle Park, NC 27711

Dr. Joseph P. Pinto—Technical Project Officer, Physical Scientist, National Center for
Environmental Assessment, U.S. Environmental Protection Agency, Research Triangle Park, NC
27711

Technical Support Staff

Mr. Douglas B. Fennell—Technical Information Specialist, National Center for Environmental
Assessment (MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC
27711

Ms. Emily R. Lee—Management Analyst, National Center for Environmental Assessment
(MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Ms. Diane H. Ray—Program Analyst, National Center for Environmental Assessment
(MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Ms. Eleanor Speh—Office Manager, Environmental Media Assessment Branch, National Center
for Environmental Assessment (MD-52), U.S. Environmental Protection Agency, Research

Triangle Park, NC 27711

Ms. Donna Wicker—Administrative Officer, National Center for Environmental Assessment
(MD-52), U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Mr. Richard Wilson—Clerk, National Center for Environmental Assessment (MD-52),
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

Document Production Staff

Mr. John R. Barton—Document Processing Coordinator
OAO Corporation, Chapel Hill-Nelson Highway, Beta Building, Suite 210, Durham, NC 27713

Ms. Yvonne Harrison—Word Processor
OAO Corporation, Chapel Hill-Nelson Highway, Beta Building, Suite 210, Durham, NC 27713

October 1999 [-xxviii DRAFT-DO NOT QUOTE OR CITE



U.S. ENVIRONMENTAL PROTECTION AGENCY
PROJECT TEAM FOR DEVELOPMENT OF AIR QUALITY CRITERIA

FOR PARTICULATE MATTER
(cont’d)

Ms. Bettye Kirkland—Word Processor
OAO Corporation, Chapel Hill-Nelson Highway, Beta Building, Suite 210, Durham, NC 27713

Mr. David E. Leonhard—Graphic Artist
OAO Corporation, Chapel Hill-Nelson Highway, Beta Building, Suite 210, Durham, NC 27713

Ms. Carolyn T. Perry—Word Processor
OAO Corporation, Chapel Hill-Nelson Highway, Beta Building, Suite 210, Durham, NC 27713

Ms. Veda E. Williams—Graphic Artist
OAO Corporation, Chapel Hill-Nelson Highway, Beta Building, Suite 210, Durham, NC 27713

Technical Reference Staff

Mr. R. David Belton—Reference Specialist
OAO Corporation, Chapel Hill-Nelson Highway, Beta Building, Suite 210, Durham, NC 27713

Mr. John Bennett—Technical Information Specialist
OAO Corporation, Chapel Hill-Nelson Highway, Beta Building, Suite 210, Durham, NC 27713

Mr. William Hardman—Reference Retrieval and Database Entry Clerk
OAO Corporation, Chapel Hill-Nelson Highway, Beta Building, Suite 210, Durham, NC 27713

Ms. Sandra L. Hughey—Technical Information Specialist
OAO Corporation, Chapel Hill-Nelson Highway, Beta Building, Suite 210, Durham, NC 27713

Mr. Jian Ping Yu—Reference Retrieval and Database Entry Clerk
OAO Corporation, Chapel Hill-Nelson Highway, Beta Building, Suite 210, Durham, NC 27713

October 1999 [I-xxix DRAFT-DO NOT QUOTE OR CITE



A W —_

O 0 9 N W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

6. EPIDEMIOLOGY OF HUMAN HEALTH EFFECTS
FROM AMBIENT PARTICULATE MATTER

6.1 INTRODUCTION

Epidemiology studies linking community ambient PM concentrations to adverse health
effects played an important role in the 1996 PM Air Quality Criteria Document (PM AQCD), and
continue to play an important role. Those studies are indicative of measurable excesses in
pulmonary function decrements, respiratory symptoms, hospital and emergency department
admissions, and mortality being associated with ambient levels of PM, , PM,,, and other
indicators of PM exposure. The more recent epidemiologic studies reviewed in this chapter
generally identify more cities and extend the earlier findings. Therefore, the main emphasis in
this chapter has shifted from a detailed discussion of the findings in the individual studies (as
contained in the 1996 PM AQCD) to a greater emphasis here on integrating and interpreting the
findings in the body of evidence provided by the newer studies, as well as those reviewed in
1996.

Several hypotheses may be proposed, based on the earlier evidence:

Hypothesis 0: Exposure to ambient PM at current levels cannot cause adverse health
effects in susceptible sub-populations, even in the presence of other environmental factors such
as weather conditions or the presence of other air pollutants;

Hypothesis 1: Exposure to ambient PM or some component at current levels is associated
with adverse health effects in some susceptible sub-population.

Hypothesis 1 has many alternative forms. Those of greatest interest in this chapter concern
the circumstances under which the adverse health effects may be manifested, typically the
occurrence of adverse health effects in association with either a specific form or component of
ambient PM, or with specific environmental co-factors (such as weather or co-pollutants) along
with PM exposure. These circumstances can markedly affect the approaches taken to the
synthesis of epidemiology studies from different sites. Table 6-1 illustrates several of the

possible variants of Hypothesis 1:
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TABLE 6-1. ALTERNATIVE VERSIONS OF HYPOTHESIS 1 THAT MAY
AFFECT THE SYNTHESIS OF EPIDEMIOLOGY STUDIES

Adverse Health Effects Adverse Health Effects
Depend Only on Ambient Depend on Ambient PM
PM, Independent of Concentrations as Well as
Alternative Hypotheses Co-Factors Co-Factors
Adverse Health Effects Adverse health effects from Adverse health effects from
Depend Only on Ambient ambient PM at a given PM are different in sites
PM Size Range and concentration are the same in ~ where PM has different
Concentration all sites with the same PM co-factors with the same PM
size range size range and concentration.
Adverse Health Effects Adverse health effects from Adverse health effects from
Depend on PM With Specific PM are different at sites PM are different in sites
Physical Properties or where PM has different where PM has different
Composition, and on physical properties or physical properties,
Concentration composition with the same composition, or co-factors,
PM size range and even at the same PM size
concentration. range concentrations.

If row 1, column 1 in Table 6-1 occurs, it is feasible to combine information from all
epidemiology studies of a common design concerning a specific health effect of PM at all sites.
The estimated PM effect depends only on the size range in the study, and is assumed to be
independent of the PM chemical components or physical characteristics within that size range,
and independent of the levels of co-pollutants or the occurrence of certain weather variable
ranges with which the PM levels are associated. The implicit assumption of a single
quantitatively similar effect of PM of any composition at all sites appears to be present in a
number of published research syntheses or meta-analyses. This is important in evaluating the
consistency of the quantitative effects (concentration-response) across different studies or
different sites. While some studies may show a positive and statistically significant adverse
health effect of the PM index being evaluated, others may show statistically non-significant
effects. The different findings may suggest a substantive reason for grouping sites by PM
components or by environmental co-factors. Statistically positive or non-positive PM health

effects may be attributable to the presence or absence of a particular PM component, or to the
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presence or absence of a specific environmental co-factor, and may help to define a quantitative
relationship to the component or the environmental co-factor.

If row 1, column 2 applies, then it may be informative to group sites with some
commonality, such as the presence of significant specific sources, specific mixtures of
co-pollutants, common weather patterns, or even common demographic factors that affect
exposure and toxicity. Examples referred to below include location (‘eastern’ U.S. versus
‘western’ U.S., ‘central-eastern Europe’ versus ‘western’ Europe) and source types (gasoline
combustion mobile sources, diesel combustion sources, fossil fuel power plants, metal smelters
or factories, crustal particles, sea salt particles, other organic particle sources, biotoxins, etc.,
as discussed in Chapters 5 and 7).

Row 2 considers the possibility that site-to-site or study-to-study differences in outcome
may depend on properties of the ambient PM itself, independent of or in addition to its mass
concentration. These may include chemical composition (acids, metals, oxidants) or physical
properties (number concentration or surface area) of the PM, or even of gaseous pollutants
adhering to particles. In the row 2, column 2 case, it might only be appropriate to evaluate sites
with common distributions of air pollution, weather, and population.

The epidemiology studies presented here should be regarded in combination with the
ambient concentration studies in Chapter 4, the human exposure studies in Chapter 5, and the
toxicology studies in Chapter 7. The contribution of the epidemiology studies is to identify
whether specific adverse health effects occur in susceptible human populations that are likely to
have been exposed to relevant levels of ambient PM. Chapter 8 provides a more detailed causal
synthesis indicating (a) that personal exposure to ambient PM does occur and (b) that the

biological effects may be similar to those observed in free-living human populations.

Types of Epidemiology Studies Reviewed

A concise definition of the various types of epidemiology studies used here is given in the
1996 PM AQCD (U.S. Environmental Protection Agency, 1996) and in most epidemiology texts;
it is not repeated here. Briefly, the epidemiology studies are divided into morbidity studies and
mortality studies. The morbidity studies include a wide range of health endpoints, such as
changes in pulmonary function tests (PFT), reports of respiratory symptoms, self-medication in

asthmatics, medical visits, low birthweight infants, and hospitalization. Mortality studies from
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many causes have provided the most unambiguous evidence of a clearly adverse endpoint, and
are sufficiently numerous to be discussed in detail.

The most commonly used study designs are cross-sectional, panel, time series, and
prospective cohort studies. Cross-sectional studies evaluate subjects at a ‘point’ in time, where
measurements of health status, pollution exposure, and individual covariates are observed
simultaneously. When summary statistics are used to compare either health outcomes or
exposure indices for different populations, the study is called an ecological or semi-ecological
study. Panel studies follow the health outcomes of the same individuals over several time points.
Prospective cohort studies follow a group of initially recruited individuals over a long period of
time, where some events (such as the date of death of a subject) may be determined individually
with great precision. To contrast these study designs, individuals in a prospective cohort study
may have their vital status monitored over a long period of time, whereas symptoms may be
recorded daily only in the first few months of the study and PFT measurements made initially and
after 3, 6, and 12 years of follow-up (as in the Harvard Six Cities cohort). Time-series studies, as
referred to in this document, usually involve aggregate-level outcomes, such as the daily number
of deaths in a community, or the daily count of hospital admissions or emergency department
visits, over a large number of days. Time-series studies require different analytical strategies
than the other study designs. A few recent analyses have examined case-control designs.

Studies with individual-level outcome data, covariates, and PM exposure indices would be
preferred, whatever the design. Individual-level exposure data are the most commonly missing
component. Community-level air pollution concentrations are usually substituted as surrogate
indices of population exposures, and the evidence presented in Chapter 5 suggests that exposure
to PM,, and PM,  of ambient origin, and to sulfates, is adequately characterized by
community-level measurements. Substantial efforts to develop individual long-term exposure
indices for a prospective cohort study have been reported by Abbey et al. (1991, 1995, 1999;
Beeson et al., 1998) for the California Adventist Health Study of Smog (AHSMOG).

The strengths and weaknesses of the study designs have been discussed in some detail in
(U.S. Environmental Protection Agency, 1996). In general, prospective cohort and panel studies
would be preferred because of the individual-level information. However, time series studies

allow valid inferences about short-term responses to changes in environmental factors in exposed
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populations, and are considered very informative, provided that the environmental factors (such

as co-pollutants) are not too highly correlated with the PM exposure index.

Selection of Studies for Detailed Review

Numerous papers on PM epidemiology have been published since the 1996 PM AQCD.

Those papers selected here as being most clearly relevant to this NAAQS review are described in

greater detail in the text of this chapter, and the others are included in tables where appropriate.

Some of the criteria for selecting relevant literature for text discussion include consideration as to

whether a given study:

1.

A

6.

Presents PM indices previously considered: PM,,, fine or coarse PM,, fractions;
Presents analyses with informative new PM indices such as nitrates or ultrafines;
Presents information on health endpoints not previously considered;

Presents new information on multiple pollutant analyses;

Presents new information on long-term effects, mortality displacement;

Presents new information on health effects of specific PM constituents.

The present chapter is organized as follows. After this brief introduction, Section 6.2

examines the case for causal inference based on studies of morbidity as a health endpoint.

Section 6.3 examines the case for causal inference based on studies of PM effects on mortality,

the most clearly adverse effect. Section 6.4 discusses a variety of issues related to the inferences

that can be drawn from the studies reviewed in Sections 6.2 and 6.3. Section 6.5 briefly reviews

some of the general and methodological issues in inferring causal relationships from the large

number of epidemiology studies reviewed here. The overall findings of this Chapter are then

summarized in Section 6.6.

6.2 MORBIDITY EFFECTS OF PARTICULATE MATTER EXPOSURE

This morbidity section is presented in sub sections, dealing with: (a) short-term PM

exposure effects on lung function and respiratory symptoms in asthmatics and non-asthmatics;

(b) long-term PM exposure effects on lung function and respiratory symptoms; (c) effects of

short-term PM exposure on the incidence of respiratory and other medical visits and hospital

admissions, and (d) effects of ambient PM exposure on acute cardiovascular morbidity.
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For consistency with the prior PM Criteria Document (U.S. Environmental Protection Agency,
1996), the pollutant increments utilized here to report Relative Risks (RR’s) or Odds Ratios for
various health effects are: for PM,,, 50 ng/m’; for PM, s, 25 ug/m’; for SO,~, 155 nmoles/m’
(=15 ug/m?); and, for H', 75 nmoles/m® (=3.6 ug/m’, if as H,SO,).

6.2.1 Short Term Effects on Lung Function and Respiratory Symptoms

In the 1996 PM AQCD, the available respiratory disease studies used a wide variety of
designs examining pulmonary function and respiratory symptoms in relation to PM,,. The
models for analysis varied and the populations included several different subgroups. Pulmonary
function studies were suggestive of short term effects resulting from particulate exposure. Peak
expiratory flow rates showed decreases in the range of 2 to 5 I/min resulting from an increase of
50 ug/m® in PM,, or its equivalent, with somewhat larger effects in symptomatic groups such as
asthmatics. Studies using FEV, or FVC as endpoints showed less consistent effects. The chronic
pulmonary function studies were less numerous than the acute studies and the results were
inconclusive.

The available acute respiratory symptom studies included several different endpoints, but
typically presented results for: (1) upper respiratory symptoms, (2) lower respiratory symptoms,
or (3) cough. These three respiratory symptom endpoints had similar general patterns of results.
The odds ratios were generally positive, the 95% confidence intervals for about half of the
studies were statistically significant (i.e., the lower bound exceeded 1.0). As part of the Six
Cities studies, three analyses done for different time periods suggested a chronic effect of PM
exposure on respiratory disease. Chronic cough, chest illness, and bronchitis showed positive
associations with PM for the earlier surveys. One study was strongly suggestive of an effect on
bronchitis from acidic particles or from other PM.

The earlier studies of morbidity health outcomes of PM,, exposure on asthmatics were
limited in terms of conclusions that could be drawn because of the few available studies on
asthmatic subjects. Lebowitz et al. (1987) reported a relationship with TSP exposure and
productive cough in a panel of 22 asthmatics but not for peak flow or wheeze. Pope et al. (1991)
studied respiratory symptoms in two panels of asthmatics in the Utah Valley. The 34 asthmatic
school children panel yielded estimated odd ratios of 1.28 (1.06, 1.56) for lower respiratory
illness and the second panel of 21 subjects aged 8 to 72 for LRI of 1.01 (0.81, 1.27) for exposure
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to PM,,. Ostro et al. (1991) reported no association for PM, ; exposure in a panel of 207 adult
asthmatics in Denver; but, for a panel of 83 asthmatic children age 7 to 12 in central

Los Angeles, reported a relationship of shortness of breath to O, and PM,, but could not separate
the effect of the two pollutants. These few studies did not indicate a consistent relationship for
PM,, exposure and health outcome in asthmatics.

Several new studies of short term PM exposure effects on lung function and respiratory
symptoms have been published since early 1996. Most of these studies followed a panel of
subjects over one or more periods. Daily lung function and/or respiratory symptoms were
associated with changes in ambient PM,, and/or PM, ;. Lung function was usually measured
daily with many studies including forced expiratory volume (FEV), forced vital capacity (FVC)
and peak expiratory flow rate (PEF). Some analyses included both morning and afternoon
measurements. A large variety of respiratory symptoms were measured, including cough,
phlegm, difficulty breathing, wheeze, and bronchodilator use. Finally, several measures of
particulate matter were used including PM,,, PM, s, TSP, British Smoke (BS), and sulfate
fraction of ambient PM.

These various studies are discussed in the following text and tables. Studies providing
quantitative information can often add more understanding of possible relationships between PM
exposure and health outcomes. Data on physical and chemical aspects of ambient particulate
levels, especially for PM,, and PM, s and smaller size fractions are a focus of discussion.
Additionally, new studies are discussed that present potential new insights or that examine health
outcome effects and/or exposure measures not studied as much in the past.

This section is organized around discussion of PM effects on lung function, respiratory
symptoms, and related pulmonary outcomes. The acute studies are split into two groups: panels
of asthmatics and panels of non-asthmatics. The lung function studies are not split from the
respiratory symptom studies because many of the studies included both endpoints. To facilitate a
quantitative synthesis of outcomes, studies are placed into homogeneous groupings and their
results are presented as shown. Note that some unique study results need to be discussed in that
they may examine an aspect which no other study has, such as number of particles or 1-h and 8-h
PM averages.

The following section contains a quantitative synthesis of several studies. The combination

of differing endpoints and differing lag-times in the analyses resulted in a large number of
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potential analyses for each study. Authors may have tended to choose and report results for those

models that gave the strongest effects. In an attempt to present these studies in an organized

manner, specific analyses were selected based on the following criteria (which also may
minimize potential bias of reported results):

(1) Peak flow was used as the primary lung function measurement of interest. While FEV,
would be a good measure, peak flow is most often measured in these panel studies.

(2) Only cough, phlegm, difficulty breathing, wheeze, and bronchodilator use were summarized
as measures of respiratory symptoms.

(3) Summaries focused on those studies presenting results in terms of PM,, and PM, 5 and
smaller PM.

(4) The analyses were also restricted to include a short term lag (zero or one day) a longer term
lag (two to five day), and a moving average analysis. If both zero and one day lag analyses
were presented, the zero day lag analysis was selected for all but the AM peak flow
measurements, and here for longer term lags, the measure which came closest to being an
average of two to five days was selected.

(5) Studies were included only if they modeled individual responses. A few studies modeled
group rates and this flaw is also known as the “panel data problem” (Neuhaus and
Kalbfleisch, 1998).

Whenever three or more studies of a similar endpoint were available, the results were
combined using a random effects model (Hedges and Olkin, 1985). Tests for homogeneity are
also reported.

A few of the analyses included more than one pollutant in the model at the same time.
However, while the number of such studies was too small to allow for any meaningful
conclusions, these results are discussed due to the importance of considering co-pollutants. The

summary from this section reflects the above organization.

6.2.1.1 Short Term Effects on Lung Function and Respiratory Symptoms In Asthmatics
Ostro et al. (1995) followed 87 African-American children, ages 7-12 years with confirmed

asthma for at least 6 weeks. Four subjects were dropped because of concerns about the accuracy

of responses, leaving 83 subjects. Most subjects lived in central and south-central Los Angeles,

CA. Analyses were done using “daily reporting of respiratory symptoms including cough,
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shortness of breath, and wheeze” as the dependent variables and the pollutants of TSP, sulfates,
nitrates, ozone, SO,, NO,, and PM, as the independent variables. PM,, from 3 downtown LA
sites had a mean of 56 ug/m® (range 19 to 101 ug/m?). General logistic regression models were
used with generalized estimating equation (GEE) corrections for autocorrelation. Significant
relationships were found between shortness of breath and PM,, or ozone, with symptoms
estimated to increase about 9% per each 10 ug/m’ increase in PM,,. The authors examined other
symptoms and found no significant associations, but results were not reported.

Peters et al. (1997a) studied 89 children, aged 6 to 14 years, with asthma in Sokolov, Czech
Republic. The subjects kept diaries and measured peak flow for seven months during the winter
of 1991-92. Aerometric measurements included PM,,, SO,, TSP, sulfate, and particle strong
acidity. PM,, was measured at one central site, with a mean of 55 ©g/m’ and a max of
171 pug/m®. The analysis was done using linear regression for the pulmonary function data and
logistic regression for binary outcomes. First order autocorrelations were observed and corrected
for using polynomial distributed lag structures. Only weak associations were reported between
the measures of particulate pollution and lung function or respiratory symptoms. Although the
magnitudes of effect were still weak, there were associations for both morning and evening PEF.
This was a wintertime study in an area with relatively high SO, (median 46 ©g/m’) and so, not
unexpectedly, in comparison to PM,,, sulfate effects on PEF and symptoms were similar and
slightly larger for some models.

In a further analysis, Peters et al. (1997b) compared children with mild asthma who were
either taking -agonist medications (31 subjects) or not taking them (51 subjects) during the
winter of 1991-92 in Sokolov, Czech Republic. Those taking such medications had more severe
asthma than those not taking them. For the relationship between PEF and 5-day mean sulfate
(interquartile range of 6.5 ng/m?), effects were larger for the medicated subjects (-5.62, 95% CI
—9.93 to —1.30 L/min) as compared with unmedicated subjects (—1.35, 95% CI -3.69 to
0.99 L/min). Effects of the same day sulfate were small and non significant.

Gielen et al. (1997) studied 61 children aged, 7 to 13 years, living in Amsterdam, The
Netherlands during the summer of 1995. Seventy-seven percent of the children were taking
asthma medication and the others were hospitalized for respiratory problems. Peak flow
measurements were taken twice daily and respiratory symptoms were recorded by the parents in a

diary. PM,, was measured at one city site with a mean of 30.5 yg/m’. Associations of air

October 1999 6-9 DRAFT-DO NOT QUOTE OR CITE



O 0 9 N n Bk~ WD

W W NN N N N N N N N N e e e e e e e e
— O O 0 9 N N R WD = O O 0NN N R W N = O

pollution were evaluated using time series analyses. The analyses adjusted for pollen counts,
time trend, and day of week. The studies found relationships with ozone and PM,,. Stronger
associations were found for black smoke (BS) than for PM,,, in relation to PEF, symptoms and
bronchodilator use. The authors hypothesized that BS may be a better surrogate for fine particles
emitted by diesel engines or for other chemicals that may be the causal components in PM.

Romieu et al. (1997) studied 65 children with mild asthma aged 5-13 years living in the
southwest area of Mexico City, Mexico. During the study period, maximum daily 1-h ozone
ranged from 40 to 390 ppb (mean 196 ppb SD = 78 ppb) and PM,, daily average ranged from
12 to 126 pg/m’ (X ='54.2 ug/m?). Pollutant measurement were made at a local site. Morning
and evening peak flow measurements were made and respiratory symptoms were recorded by the
parents in a daily diary. Peak flow measurements were standardized for each person and a model
was fitted using GEE methods. The model included terms for minimum temperature.

An autoregressive logistic regression model using GEE methods was used to analyze the
presence of respiratory symptoms. The strongest relationships were found between ozone and
the respiratory symptoms.

Peters et al. (1996) studied two mild/moderate asthma panels in Erfurt and Weiman,
Germany and in Sokolov, Czech Republic from September 1990 thru June 1992 for health
outcomes in relation to pollutant exposure. During that period, TSP was measured at 3 central
sites. From January 10 through June 1992, PM,, was also measured. The panels consisted of
102 adults and 155 children aged 7 to 15 years. Mean levels of PM,, in Erfurt, for the winter
1991-92 was 64 ug/m’. The panelists recorded daily symptom, medication intake and PEF.

A linear regression analysis was conducted. The dominate air pollutant was SO,. An increase of
52 ug/m’ PM,, was associated with a 0.43% decrease in evening PEF for children with asthma.
Because of the small observed effects and the pollutants being highly correlated, separation of
contributions of individual air pollutants was difficult.

Three studies attempted to relate lung function or respiratory symptoms to particles smaller
than PM, ;. Peters et al. (1997¢) studied 27 non-smoking adult asthmatics living in Erfurt,
Germany during the winter season 1991-92. The study measured particulate fractions over a
range of sizes from ultrafine (<0.1 ym in diameter) to fine (0.1 to 2.5 xm), including PM,, at one
site. A 5-day mean level of 60 ug/m® PM,, was observed. Morning and evening peak flow were

measured and a diary was used to record the presence of cough. An autoregressive model was
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used to analyze the deviations in the individual peak flow values. The model included terms for
time trend, temperature, humidity, and wind speed and direction. The strongest effects on peak
flow were found with the ultrafine particles although the confidence intervals were significantly
overlapping. The symptom information was analyzed using multiple logistic regression analysis.
The authors reported no association between PM and phlegm or dyspnea, but estimates and
standard errors were not given. The Peters et al. (1997c¢) study is unique for two reasons:

(1) they studied the size distribution of particles in the range 0.01 to 2.5 um, and (2) they
examined the number of particles. They report that the health effects of 5 day means of the
number of ultrafine particles were larger than those of the mass of fine particles, and that the size
distribution of ambient particles helps elucidate the properties of ambient aerosol responses for
health effects.

Pekkanen et al. (1997) studied 39 asthmatic children, aged 7-12 years, living in Kuopio,
Finland for 57 days in early 1994. Changes in peak flow measurements were analyzed using a
linear first-order autoregressive model. The study measured particulate fractions at a local site
over a range of sizes from ultrafine to fine, including PM,,. Particulate measurements included
both particles <0.03 x«m in diameter, 0.03 to 0.1, 0.1 to 0.32, and 0.32 to 1.0 um in diameter.
The number of particles was also determined by size. The mean PM,, level was 18 pg/m’.
Decrements in peak flow were found to be related with all measures of particulate matter after
adjusting for minimum temperature. The results were quite variable across zero to 3 day lags,
showing no particular pattern across size. Results for two day lags tended to be larger than other
lags. Similar results were found for evening PEFR except that the one day lags tended to show a
stronger relationship. In contrast to the findings of Peters et al. (1997¢) discussed above, PM,,
was more consistently associated with PEF across the different lags, and gave the only models
that were statistically significant (with the exception of BS). The authors note that the different
particle size fractions were highly intercorrelated and that future studies should aim at obtaining
data where these intercorrelations are lower.

Timonen and Pekkanen (1997) studied 74 asthmatic children and 95 children with dry
cough ages 7-12 in Kuopio, Finland, during the winter of 1994. PM,, levels were a mean of
18 ug/m’®, 25 to 75 percentile, 10-23 ug/m’. Linear regression analyses with autoregressive

parameters for PEF data and logistic regression models for binary symptom data were performed.
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A significant association for morning PEF and PM,, was found, but not for evening PEF.
No clear or consistent trends in association between air pollution and symptoms was observed.

Tiittanen et al. (1999) studied 49 children with chronic respiratory symptoms (age
8-13 years) for six weeks in the spring of 1995. Particulate measurements included both ultrafine
particles (<0.1 um in diameter) and fine particles (0.1 to 1.0 xm in diameter). No consistent
differences in effects by particle diameter on morning and evening PEFR were found. Similarly,
no consistent differences in effects by particle diameter on the incidence of cough were found.

Delfino et al. (1998) examined the relationship of adverse asthma symptoms (bothersome
or interfered with daily activities or sleep) to O, and PM,, in a southern California community in
the air inversion zone (1200-2100 ft) with high O, and low PM (R = 0.3). The region was
initially chosen for study to examine effects of high ambient O, with less co-pollutant
confounding from PM. A panel of 25 asthmatics ages 9-17 were followed daily, August through
October, 1995 (N=1,759 person-days excluding 1 subject without symptoms). The highest
24-hour PM,, mean was only 54 yg/m’, in contrast to the median of 1-hr maximums (56 ug/m?).
Longitudinal regression analyses utilized the GEE model controlling for autocorrelation, day of
week, outdoor fungi and weather. Asthma symptoms were significantly associated with both
outdoor O, and PM,, in single pollutant- and co-regressions, with 1-hr and 8-hr maximum PM,,
having larger effects than the 24-hr mean. This aspect of this study reporting particle effects
from 1-hr and 8-hr maximum PM,, as compared with the standard metric of 24-hr means makes
these results unique. The author notes that particle effects may be determined by factors not
entirely dependent on mass and/or 24-hr averages and thus may miss important short-term
excursions, during peak exposure periods.

Vedal et al. (1998) studied 206 children (aged 6 to 13 years) living in Port Alberni, BC.
The authors chose this town of 30,000 on Vancouver Island to maximize the spatial relationship
of a central air monitor to subject activities and to minimize the influence of co-pollutants such
as ozone, SO, or acid aerosol, which were low in the region. PM,, levels ranged from 0.2 to
159.0 ug/m® (median 22.1 ug/m?). Major sources of PM in the region were a pulp and paper
mill, and residential wood burning. Seventy-five children had physician-diagnosed asthma,
57 had an exercise-induced fall in FEV,, 18 children with airway obstruction, and 56 children
without any symptoms. Peak flow was measured twice daily and respiratory symptom data were

obtained from diaries. An autoregressive model was fitted to the data using GEE methods.
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Covariates included temperature, humidity, and precipitation. In general, PM,, was associated
with changes in both peak flow and respiratory symptoms. The objective of the study was to
compare the acute effects of inhalable particles on PEF and respiratory symptoms in asthmatic
versus nonasthmatic children. Even though levels of PM,, were low (only 1.2% of days

> 100 wg/m?), PEF was inversely, and cough positively, associated with PM,, among children
with diagnosed asthma, but not among the other groups of children.

Segala et al. (1998) studied children, aged 7-15 years, living in Paris, France. The study
was separated into substudies of 43 mild asthmatics and 43 moderate asthmatics, followed from
November 15, 1992 to May 9, 1993. Peak flow was measured three times a day and respiratory
symptoms and as-needed-bronchodilator use were recorded daily in a diary by parents. The study
measured SO,, NO,, PM,; (instead of PM,,) at four stations, and British smoke. A PM,; mean
level of 34.2 ug/m® was reported with a range of 8.8 to 95.0 ug/m’. Covariates in the model
included temperature and humidity. An autoregressive model was fitted to the data using GEE
methods. There were no significant associations for PM,, and prevalent symptoms in mild
asthmatics. For an increase of 50 ng/m’ the odds ratio for f-agonist inhaler use in moderate
asthmatics ranged from 3 to 5 for PM,, lags 0 to 3 days and all were statistically significant.

A subpopulation analysis of the 21 mild asthmatic subjects not taking regularly scheduled
corticosteroids or B-agonists showed a significant effect of lag 4 PM,; on 2-transformed morning
PEF. Effects were less related to PM,, than those found related to the other pollutants. Only
selected results from selected panels were given.

Neukirch et al. (1998) studied the effect of particulate air pollution on 40 non-smoking
mild to moderate adult asthmatics in Paris. The study was conducted from September to
December, 1992, and was analyzed using group rates. Generalized estimating equations were
used to adjust for autocorrelation in the data. The study found some relationships between PM,
and nocturnal cough, shortness of breath, and peak flow. Only selected results were given,
making the study difficult to evaluate.

Romieu et al. (1996) studied 71 children with mild asthma aged 5-7 years living in the
northern area of Mexico City, Mexico. Morning and evening peak flow measurements were
made and respiratory symptoms were recorded by the parents in a daily diary. During the study
period, maximum daily one hour ozone ranged from 40 to 370 ppb (mean 190 ppb,

SD = 80 ppb). The 24 hour average PM,, levels measured at one site ranged from 29 to
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363 ug/m’ (mean 166.8 pg/m?’, SD 72.8 ug/m’). For 53 percent of the study days, PM,, levels
exceeded 150 pug/m’. Peak flow measurements were standardized for each person and a model
was fitted using GEE methods. The model included terms for minimum temperature. Peak flow
was found to be strongly related to PM,,. This greater effect may be due to relatively higher
levels of pollution in Mexico City and the fact that none of the subjects were on medication.

An autoregressive logistic regression model was used to analyze the presence of respiratory
symptoms. An increase of 20 ug/m’ PM,, was related to an 8 percent increase in lower
respiratory illness.

Hiltermann et al. (1998) studied 270 adult asthmatic patients from an out-patient clinic in
Leiden, The Netherlands, during July 3 to October 6, 1995. Peak flow was measured twice daily
and respiratory symptom data were obtained from diaries. An autoregressive model was fitted to
group prevalence of outcomes rather than individual repeated measures. Covariates included
temperature and day of week. PM,,, ozone, and NO, were associated with increases in
respiratory symptoms. During the study, PM,, levels measured at one central site never exceeded
98 1g/m’ (mean 39 ng/m®). Shortness of breath and nocturnal asthma were weakly associated
with PM,,. The results of this paper were not included in the analysis tables presented later
because individual responses were not modeled.

The Pollution Effects on Asthmatic Children in Europe (PEACE) study developed
methodology for assessing the relationship between short-term changes in air pollution and in
acute changes in the health status of children with chronic respiratory symptoms (Roemer et al.,
1998). Children with chronic respiratory symptoms (i.e., a positive answer to one of several
selected questions) were selected into the panels. The symptom with one of the larger selection
percentages was dry cough (range over sample of study communities 29 to 92% [22/75; 84/91]
with most values over 50%). The symptom that would most typify selection of asthmatics was
doctor-diagnosed asthma (2 to 59% [1/63; 43/72] with most about 20%) (Kotesovec et al., 1998;
Clench-Aas et al., 1998; Haluszka et al., 1998; Kalandidi et al., 1998; Forsberg et al., 1998;
Beyer et al., 1998). Thus, while asthmatics were included in the subject pool, the overall panels
by city tended to have a small percent of asthmatics. The group as a whole did not characterize
effects on asthmatics as much as those with chronic respiratory disease, especially cough. The
PEACE study was a multi-center study of PM,,, BS, SO,, and NO, on respiratory health of

children with chronic respiratory symptoms (Roemer et al., 1998). Mean PM,, levels measured
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at locals sites ranged from 11.2 to 98.8 ug/m’ over the 28 sites. Results from individual centers
were reported by Kotesovec et al. (1998), Kalandidi et al. (1998), Haluszka et al. (1998),
Forsberg et al. (1998), Clench-Aas et al. (1998), and Beyer et al. (1998). These studies modeled
group rates and are an example of the panel data problem mentioned earlier.

Roemer et al. (1998, 1999) summarized the results for asthmatic patients in the PEACE
studies. Phlegm was not related to PM,, levels for lags of zero, one or two days. Furthermore,
no relationship was found with the seven day mean. The results for lower respiratory disease
were similar to phlegm.

The above studies are summarized in Tables 6-2 thru 6-13. These tables examine peak
flow, symptoms, and medication use for 50 ug/m* for PM,, and 25 pg/m’ for PM, ;. The tables
are split by zero to one-day lags and two-to 5-day lags. Also included in the tables (except for
those with only 2 studies) are results of meta-analyses of the combined results of all the studies

summarized in a given table, using an Empirical Bayes Model Chi-square for Homogenity.

6-2. EFFECT OF 50 yg/m® PM,, ON EVENING PEAK FLOW (L/MIN)
IN ASTHMATICS LAGGED ZERO OR ONE DAY

Change in Standard 95%

PFR per Error of Confidence
Study Description 50 pug/m? Change Interval
Gielen et al. 61 children aged 7 to 13 years living in -0.30 0.99 -2.24,1.64
(1997) Amsterdam, The Netherlands
Romieu et al. 65 children aged 5-13 years living south of -1.55 2.11 -5.69, 2.59
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, Germany -0.37 0.74 -1.82,1.08
(1997¢)
Pekkanen et al. 39 children aged 7-12 years living in Kuopio, -0.35 2.02 -4.31,3.61
(1997) Finland
Peters et al. 89 children aged 6-14 living in Sokolov, Czech -0.92 0.53 -1.96,0.12
(1997a) Republic
Romieu et al. 71 children aged 5-7 years living north of -2.95 1.52 -5.93,0.03
(1996) Mexico City
COMBINED Meta-analysis using an Empirical Bayes Model -0.82%* 0.38 -1.57,-0.07

Chi-square for homogeneity =2.89,p=.716

*p <0.05
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TABLE 6-2A. EFFECT OF 50 ug/m* PM,, ON MORNING PEAK FLOW (L/MIN)
IN ASTHMATICS LAGGED ZERO OR ONE DAY

95%

Change in PFR Standard Error Confidence
Study Description per 50 ug/m’ of Change Interval
Romieu et al. 65 children aged 5-13 years living south of -0.65 2.37 -5.30, 3.99
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, -1.30%* 0.54 -2.36,-0.24
(1997¢) Germany
Pekkanen et al. 39 children aged 7-12 years living in -2.71 1.97 -6.57, 1.15
(1997) Kuopio, Finland
Peters et al. 89 children aged 6-14 living in Sokolov, -0.84* 0.40 -1.62, -0.06
(1997a) Czech Republic
Timonen and 45 urban children age 7-12 years living in 2.93 2.07 -1.13, 6.99
Pekkanen (1997) Kuopio, Finland
Timonen and 40 suburban children age 7-12 years living -5.55 2.87 -11.18, 0.08
Pekkanen (1997)  near Kuopio, Finland
Romieu et al. 71 children aged 5-7 years living north of -2.95 1.52 -5.93, 0.03
(1996) Mexico City
COMBINED Meta-analysis using an Empirical Bayes -1 1% 0.32 -1.74,-0.48

Model Chi-square for homogeneity = 9.33,
p=.156

*p <0.05
**p < 0.01

TABLE 6-3. EFFECT OF 50 pg/m* PM,, ON EVENING PEAK FLOW (L/MIN)
IN ASTHMATICS LAGGED TWO TO FIVE DAYS

Change in PFR Standard 95% Confidence

Study Description per 50 ug/m? Error Interval

Gielen et al. (1997) 61 children aged 7 to 13 years living in Amsterdam, -2.32 1.55 -5.36,0.72
The Netherlands

Romieu et al. (1997) 65 children aged 5-13 years living south of Mexico -0.04 2.17 -4.29,4.23
City

Peters et al. (1997¢) 27 non-smoking adults living in Erfurt, Germany -2.31% 1.13 -4.53,-0.10

Pekkanen et al. 39 children aged 7-12 years living in Kuopio, Finland 0.14 3.63 -6.98, 7.26

(1997)

Peters et al. (1997a) 89 children aged 6-14 living in Sokolov, Czech -1.34 0.76 -2.83,0.15
Republic

Segala et al. (1998) 21 asthmatic children aged 7-15 years living in Paris, -0.62 0.46 -1.52,0.28
France

Romieu et al. (1996) 71 children aged 5-7 years living north of Mexico City -3.65% 1.81 -7.20,-0.10

COMBINED Meta-analysis using an Empirical Bayes Model Chi- -1.21%** 0.39 -1.98, -0.44
square for homogeneity =2.89, p=.717

*p <0.05

**p <0.01
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TABLE 6-4. EFFECT OF 25 pg/m* PM, ; ON EVENING PEAK FLOW IN
ASTHMATICS LAGGED ZERO OR ONE DAY

Change in Standard 95%
PFR per Error of Confidence
Study Description 25 ug/m’ Change Interval
Peters et al. 27 non-smoking adults living in Erfurt, -1.38 0.71 -2.77,0.01
(1997c¢) Germany
Romieu et al. 71 children aged 5-7 years living north of -1.98 2.39 -6.66, 2.70
(1996) Mexico City

TABLE 6-5. EFFECT OF 25 pg/m® PM, ON EVENING PEAK FLOW IN
ASTHMATICS LAGGED TWO TO FIVE DAYS

Change in PFR  Standard  95% Confidence

Study Description per 25 ug/m’ Error Interval
Peters et al. 27 non-smoking adults living in Erfurt, -2.18%* 0.82 -3.79, -0.57
(1997¢) Germany

Romieu et al. 71 children aged 5-7 years living north of -2.55 2.70 -7.84,2.74
(1996) Mexico City

*p <0.01

TABLE 6-6. EFFECT OF 50 pg/m® PM,, ON COUGH IN ASTHMATICS LAGGED

ZERO OR ONE DAY
Odds Ratio for ~ Standard Error 95%
Event per of Log-Odds Confidence
Study Description 50 ug/m’ Ratio Interval
Gielen et al. 61 children aged 7 to 13 years living in 2.19 0.531 0.77, 6.20
(1997) Amsterdam, The Netherlands
Romieu et al. 65 children aged 5-13 years living south of 1.21 0.046 1.11,1.32
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, Germany 1.01 0.026 0.96, 1.06
(1997¢)
Romieu et al. 71 children aged 5-7 years living north of 1.21%* 0.047 1.10, 1.33
(1996) Mexico City
Peters et al. 89 children aged 6-14 living in Sokolov, Czech 1.01 0.032 0.95, 1.08
(1997a) Republic
Vedal et al. (1998) 206 children aged 6 to 13 years living in Port 1.40 0.150 1.04, 1.88
Alberni, British Columbia
COMBINED Meta-analysis using an Empirical Bayes Model 1.12%* 0.046 1.03,1.23

Chi-square for homogeneity =32.71, p <.001

*p <0.05
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TABLE 6-7. EFFECT OF 50 pg/m* PM,, ON COUGH IN ASTHMATICS LAGGED

TWO TO FIVE DAYS
Odds Ratio for Standard 95%
Event per Error of Log-  Confidence
Study Description 50 ug/m’ Odds Ratio Interval
Gielen et al. 61 children aged 7 to 13 years living in 2.19 0.787 0.47,10.24
(1997) Amsterdam, The Netherlands
Romieu et al. 65 children aged 5-13 years living south of 1.21%* 0.047 1.10, 1.33
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, 1.08 0.026 1.03, 1.14
(1997c¢) Germany
Romieu et al. 71 children aged 5-7 years living north of 1.27%* 0.086 1.07, 1.50
(1996) Mexico City
Peters et al. 89 children aged 6-14 living in Sokolov, 1.10%* 0.031 1.03, 1.17
(1997a) Czech Republic
Vedal et al. 206 children aged 6 to 13 years living in 1.40%* 0.108
(1998) Port Alberni, British Columbia
COMBINED Meta-analysis using an Empirical Bayes 1.15%* 0.032 1.08,1.23
Model Chi-square for homogeneity
=16.17, p=.006
*p<0.05
*xp < 0.01

TABLE 6-8. EFFECT OF 50 ug/m*® PM,, ON PHLEGM IN ASTHMATICS LAGGED

ZERO OR ONE DAY
Odds Ratio for Standard 95%
Event per Error of Log-  Confidence

Study Description 50 ug/m’ Odds Ratio Interval
Romieu et al. 65 children aged 5-13 years living south of 1.10 0.095 0.91, 1.33
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, 1.10* 0.037 1.02,1.18
(1997¢) Germany
Romieu et al. 71 children aged 5-7 years living north of 1.10 0.085 0.93, 1.30
(1996) Mexico City
Peters et al. 89 children aged 6-14 living in Sokolov, 1.13* 0.043 1.04, 1.23
(1997a) Czech Republic
Vedal et al. 206 children aged 6 to 13 years living in 1.28 0.200 0.86, 1.89
(1998) Port Alberni, British Columbia
COMBINED Meta-analysis using an Empirical Bayes L11** 0.026 1.06, 1.17

Model Chi-square for homogeneity = 0.80,

p=.938
*p<0.05
**p < 0.01
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TABLE 6-9. EFFECT OF 50 ug/m* PM,, ON PHLEGM IN ASTHMATICS LAGGED

TWO TO FIVE DAYS
QOdds Ratio for Standard 95%
Event per Error of Log-  Confidence

Study Description 50 ug/m’ Odds Ratio Interval
Romieu et al. 65 children aged 5-13 years living south of 1.00 0.074 0.86,1.16
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, 1.05 0.096 0.87,1.27
(1997c¢) Germany
Romieu et al. 71 children aged 5-7 years living north of 1.05 0.096 0.87,1.27
(1996) Mexico City
Peters et al. 89 children aged 6-14 living in Sokolov, 1.12%* 0.037 1.04, 1.20
(1997a) Czech Republic
Vedal et al. 206 children aged 6 to 13 years living in 1.40%* 0.156 1.03, 1.90
(1998) Port Alberni, British Columbia
COMBINED Meta-analysis using an Empirical Bayes 1.09%* 0.031 1.03,1.16

Model Chi-square for homogeneity = 0.80,

p=.938
*p <0.05
% < 0.01

TABLE 6-10. EFFECT OF 50 ug/m® PM,, ON DIFFICULTY IN BREATHING IN
ASTHMATICS LAGGED ZERO OR ONE DAY

Odds Ratio for Standard 95%
Event per Error of Log-  Confidence

Study Description 50 ug/m’ Odds Ratio Interval
Romieu et al. 65 children aged 5-13 years living south of 1.18* 0.046 1.08, 1.29
(1997) Mexico City
Ostro et al. 83 African-American children living in 1.71%* 0.180 1.20,2.43
(1995) central Los Angeles
Romieu et al. 71 children aged 5-7 years living north of 1.05 0.096 0.87,1.27
(1996) Mexico City
COMBINED Meta-analysis using an Empirical Bayes 1.18 0.043 1.08, 1.28

Model Chi-square for homogeneity = 0.80,

p=.938
*p <0.05
**p <0.01
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TABLE 6-11. EFFECT OF 50 pg/m* PM,, ON DIFFICULTY IN BREATHING IN
ASTHMATICS LAGGED TWO TO FIVE DAYS

Odds Ratio for Standard Error of 95% Confidence
Study Description Event per 50 ug/m*  Log-Odds Ratio Interval
Romieuetal. 65 children aged 5-13 years living 0.058 1.08, 1.36
(1997) south of Mexico City
Romieuetal. 71 children aged 5-7 years living 0.150 0.78, 1.41

(1996)

north of Mexico City

TABLE 6-12. EFFECT OF 50 ug/m* PM,, ON BRONCHODILATOR USE IN
ASTHMATICS LAGGED ZERO OR ONE DAY

Odds Ratio for Standard 95%
Event per Error of Log-  Confidence
Study Description 50 ug/m’ Odds Ratio Interval
Gielen et al. 61 children aged 7 to 13 years living in 0.94 0.237 0.59, 1.50
(1997) Amsterdam, The Netherlands
Peters et al. 27 non-smoking adults living in Erfurt, 1.06 0.094 0.88, 1.27

(1997¢)

Germany

TABLE 6-13. EFFECT OF 50 ug/m* PM,, ON BRONCHODILATOR USE IN
ASTHMATICS LAGGED TWO TO FIVE DAYS

Odds Ratio for Standard 95%

Event per Error of Log-  Confidence
Study Description 50 ug/m’ Odds Ratio Interval
Gielen et al. 61 children aged 7 to 13 years living in 2.90* 0.242 1.80, 4.66
(1997) Amsterdam, The Netherlands
Peters et al. 27 non-smoking adults living in Erfurt, 1.23 0.128 0.96, 1.58
(1997¢) Germany
*p <0.01

The results of the peak flow analyses consistently show small decrements for both PM,,,

and PM, ;. The results were shown for both morning (AM) and evening (PM) peak flow The

effects using two to five day lags averaged about the same as did the zero to one day lags, but the
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effects seen were slightly less consistent. None of the studies provided analyses which were able
to separate out the effects of PM,, and PM, s from other pollutants, nor were they able to
distinguish the effects between PM,, and PM, ..

The effects on respiratory symptoms also tended to be positive although they were much
less consistent. Most studies showed increases in cough, phlegm, difficulty in breathing, and
bronchodilator use, although these increases were generally not statistically significant.
Bronchodilator use was the only endpoint that appeared to be more strongly related to the longer

lag times, but this result is based on three studies.

6.2.1.2 Short Term Effects on Lung Function and Respiratory Symptoms in
Non-Asthmatics

Roemer et al. (1993) studied acute respiratory symptoms in a panel of 73 Dutch children
with chronic respiratory symptoms in the winter of 1990-91 living in Wageningen and
Bennekom, The Netherlands. Exposure measurements included SO,, NO,, and PM,,. PM,,
measured at a central site exceeded 110 ng/m’ on six days over the 3 month study period. Daily
measurements of peak flow were made twice a day. A diary was used to measure the occurrence
of acute respiratory symptoms and medication use. A time series analysis was performed using
the SAS procedure, AUTOREG, using the Yule-Walker estimation method. Both morning and
evening peak flow measurements were marginally significant in their relationship to PM,,, BS
and SO, levels. PM,, was also associated with increased bronchodilator use.

Hoek and Brunekreef (1994) studied 1079 children living in four non-industrial
communities in The Netherlands. The study was conducted during the three winters of 1987-88,
1988-89, and 1989-90. Pollutants measured included SO,, NO,, PM,,, sulfate fraction, nitrate
fraction, and acid aerosol. PM,, levels were low (mean 45, range 14-126 pug/m?). A first order
autoregressive model, which contained temperature as a covariate, found a weak association
between most pollutants and peak flow but no relationship with respiratory symptoms.

Hoek et al. (1998) summarized and reanalyzed results from several other studies reported in
the literature, including those on asymptomatic children in the Utah Valley of Utah (Pope et al.,
1991), children in Bennekom, The Netherlands (Roemer et al., 1993), children in Uniontown, PA
(Neas et al., 1995), and children in State College, PA (Neas et al., 1996). The point of the

reanalysis was to show an alternative method for summarizing peak flow studies, that is, relative
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odds for a substantial 10% decrease in peak flow. Hoek et al. (1998) conducted a different type
of analysis on peak flow data, the results of which become much more readily interpretable from
a clinical point of view: most PEF studies have looked at changes in population mean PEF in
response to air pollution findings, effects on the order of a few percentage points over a relevant
pollution concentration range. The small changes seen are within the circadian variation
everybody experiences every day, which is not associated with the symptomatology. Hoek et al.
(1998) shows that these small changes in the population mean PEF are accompanied by
significantly increased percentages of subjects experiencing large PEF changes (of more than
10% or more than 20% of their habitual level). Such relatively large changes can be associated
with symptoms and with the need to use bronchodilators, which makes this analysis more
coherent with findings of increased respiratory symptoms and relief medication use also found to
be associated with air pollution. Significant decreases in peak flow were found to be related to
increases in PM,, for models using data from the five panels. The analyses were done using a
first-order autoregressive model with adjustments for time trend and ambient temperature.
Co-pollutant models showed effects of ozone and PM, to be largely independent.

Schwartz et al. (1994) also summarized results from several studies, including the “Six
Cities study” (Ferris et al., 1979) and the asymptomatic patients from the Utah Valley study
(Pope et al., 1992). Autoregressive logistic models were fitted using GEE methods. The
symptoms of cough, lower respiratory disease, cough, and upper respiratory disease were found
to be associated with PM,,, SO,, and ozone.

Roemer et al. (1998, 1999) summarized the results for patients selected for cough in the
PEACE studies. Phlegm was not related to PM,, levels for lags of zero, one or two days.
Furthermore, no relationship was found with the seven day mean. The results for lower
respiratory disease were similar to phlegm.

Linn et al. (1998) report the outcome of a study of 30 volunteer Los Angeles area residents
with severe chronic obstructive pulmonary disease (COPD), relating pollutant levels (PM,,,
PM, ;, O,, NO,) to health outcomes (blood pressure, lung function, arterial blood oxygen
saturation). The authors report that LA area monitoring stations appeared to give meaningful
estimates of PM exposures outdoors at the homes of the COPD subjects studied with respect to
temporal as well as spatial variations but note that on the whole, their findings provide only weak

support that personal exposures track ambient background PM levels. They found the following:
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(1) daily mean diastolic blood pressure increased significantly with same-day or previous day
24 hr-mean PM,, at the nearest monitoring stations, (2) no significant relationships with blood
pressure were found for outside home PM, ., (3) some analyses of lung function versus
subject-oriented PM measurements showed statistically significant negative relationships, but
were usually eliminated by excluding 2 or 3 “outlying” subjects, and (4) arterial blood oxygen
saturation showed no significant relationships. The authors suggest caution in interpreting the
study.

Harr¢ et al. (1997) studied 40 subjects aged over 55 years with COPD living in
Christchurch, New Zealand. The study was conducted during the winter of 1994. Subjects
completed diaries twice daily as well as their peak flow measurement. Pollutants measured
included SO,, NO,, PM,,, and CO. Local PM,, measures exceeded 120 ng/m’ five times during
the study period. A log-linear regression model with adjustment for first order autocorrelation
was used to analyze the peak flow data and a Poisson regression model was used to analyze the
symptom data. Few significant associations between the health endpoints and the pollutants
were found.

Boezen et al. (1999) studied 632 children aged 7 to 11 years of age during three winters
(1992-95) in The Netherlands. The analyses were performed on two subpopulations: the
36 percent of children with no bronchial hyperresponsiveness and total IGE of 60 kU/L or less,
and the remaining 64 percent without. Lung function was measured as the dichotomous variable:
a decrease of 10 percent or more. Upper and lower respiratory symptoms were also measured.
The PM,, readings ranged from 4.7 to 145.6 ug/m’. A logistic regression model was used to
analyze the data. Autocorrelation was adjusted for using the AR macro (SAS version 6.12).

No consistent relationships were found between the health endpoints and PM,, levels.

Korrick et al. (1998) studied the effect of short-term changes in pollution on adult hikers on
Mt. Washington, NH. Ozone levels were measured at two sights near the top of the mountain
and PM, ; was measured near the base of the mountain. Both linear and non-linear regression
models were used to assess the effect of pollution on lung function. Logistic regression was used
to assess the effect on the odds of having a decline of greater than 10 percent in lung function.
No estimates were given for the effect of PM, ; but it was stated that PM, ; did not affect the

coefficient for ozone.
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Naceher et al. (1999) studied 473 non-smoking women (ages 19 to 43 years) in Virginia over
the 1995 and 1996 summers. Subjects took peak flow measurements twice a day for two weeks
each summer. A regional monitoring site measured PM, 5, PM,,, sulfate, strong acid (H+), hourly
ozone, and meteorological variables. The data were analyzed using a mixed model assuming a
linear regression term for each subject. These terms were assumed to be random and normally
distributed and were estimated using SAS proc MIXED. Morning changes in peak flow were
related to current day H+ and PM, ;. Ozone was related to changed in evening peak flow.

Tables 6-14 through 6-17 examine outcomes for studies of non-asthmatics. Again, results

of meta-analyses of combined results from the studies summarized in each table are also

provided.
TABLE 6-14. EFFECT OF 50 ug/m* PM,, ON PEAK FLOW (L/MIN)
IN NON-ASTHMATICS LAGGED ZERO OR ONE DAY
Change in Standard 95%
PFR per Error of Confidence

Study Description 50 ug/m’ Change Interval
Hoek and 73 children aged 6-12 years with -0.42% 0.15 -0.71,-0.1260
Brunkreef (1994) respiratory symptoms in the Netherlands
Hoek et al. (1998) 39 asymptomatic children in the Utah -0.33* 0.11 -0.55,-0.11

Valley
Hoek et al. (1998) 67 children in Bennekom, the Netherlands -0.45 1.05 -2.51, 1.61
Hoek et al. (1998) 83 children in Uniontown, PA -0.95 1.60 -4.09,2.19
Hoek et al. (1998) 108 children in State College, PA -0.15 1.45 -2.99, 2.69
Harré et al. (1997) 40 adults aged 55+ years with COPD living -0.86 0.75 -2.33,0.61

in Christchurch, New Zealand
COMBINED Meta-analysis using an Empirical Bayes -0.38%* 0.09 -0.56, -0.20

Model Chi-square for homogeneity = 1.12,

p =0.952.

*p <0.05
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TABLE 6-15. EFFECT OF 50 pg/m* PM,, ON COUGH IN NON-ASTHMATICS

LAGGED ZERO OR ONE DAY
Odds Ratio Standard Error 95%
for Eventper  of Log-Odds  Confidence

Study Description 50 ug/m’ Ratio Interval
Hoek and Brunkreef 73 children aged 6-12 years with 0.94 0.255 0.57, 1.55
(1994) respiratory symptoms in the

Netherlands
Schwartz et al. (1994)  Six Cities Study 1.39% 0.145 1.05, 1.85
Schwartz et al. (1994) 39 asymptomatic children in the Utah 1.36* 0.120 1.07,1.72

Valley
COMBINED Meta-analysis using an Empirical 1.31% 0.088 1.10, 1.56

Bayes Model Chi-square for

homogeneity =, p =.
*p < 0.05

TABLE 6-16. EFFECT OF 50 ng/m® PM,, ON LOWER RESPIRATORY
ILLNESS IN NON-ASTHMATICS LAGGED ZERO OR ONE DAY

Odds Ratio for Standard 95%
Event per Error of Log- Confidence

Study Description 50 ug/m’ Odds Ratio Interval
Hoek and 73 children aged 6-12 years with 1.00 0.172 0.71, 1.40
Brunkreef respiratory symptoms in the
(1994) Netherlands
Schwartz et al. Six Cities Study 2.03* 0.206 1.36, 3.04
(1994)
Schwartz et al. 39 asymptomatic children in the Utah 1.21 0.187 0.84,1.75
(1994) Valley
Boezen et al. 167 children aged 7-11 years living in 1.02 0.100 0.84,1.24
(1999) The Netherlands
COMBINED Meta-analysis using an Empirical 1.211 0.128 0.94, 1.56

Bayes Model Chi-square for

homogeneity = 10.23, p=0.017
*p <0.05
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TABLE 6-17. EFFECT OF 50 pg/m* PM,, ON UPPER RESPIRATORY
ILLNESS IN NON-ASTHMATICS LAGGED ZERO OR ONE DAY

Odds Ratio for ~ Standard Error 95%
Event per of Log-Odds Confidence

Study Description 50 ug/m’ Ratio Interval
Hoek and 73 children aged 6-12 years with 1.00 0.089 0.84,1.19
Brunkreef respiratory symptoms in the
(1994) Netherlands
Schwartz et al. Six Cities Study 1.39 0.186 0.97,2.00
(1994)
Schwartz et al. 39 asymptomatic children in the Utah 1.03 0.166 0.74, 1.43
(1994) Valley
Boezen et al. 167 children aged 7-11 years living in 1.01 0.033 0.94, 1.07
(1999) The Netherlands
COMBINED Meta-analysis using an Empirical 1.02 0.031 0.96, 1.08

Bayes Model Chi-square for
homogeneity = 2.76, p = .251

The results of the peak flow analyses consistently show small decrements for increases in

PM,,. The results are similar to those found for asthmatics. There were no studies that gave

results for PM, 5, and no studies gave results for longer lag times.

Studies not meeting the criteria for discussion above are summarized in Tables 6-18 and

6-19. Many excellent studies are included in these tables without further discussion. These

studies provide supporting evidence for the conclusions reached from the studies selected for text

discussion.

6.2.1.3 Discussion of Co-Pollutant Studies

A small number of short-term PM exposure respiratory studies considered multiple

pollutants in the same model. These are described individually.

Delfino et al. (1998) found that the presence of ozone in a model with PM,, reduced

slightly the effect of PM,, on asthma symptoms. However, all terms that were significant

without ozone in the model remained significant with ozone added to the model.
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TABLE 6-18. OTHER ASTHMATIC PANEL STUDIES

Other

Study Design Model Type Pollutants Other Covariates Results
Thurston Three 5-day summer camps Linear regression for lung Ozone, H+  Pollen, daily maximum  Sulfate and ozone were related to
etal. (1997)  with 166 asthmatic children  function, Poisson regression temperature, both respiratory symptoms and

conducted in 1991, 1992, for symptoms and bronchodilator use.

1993 measuring symptoms bronchodilator use in

and change in lung function  relation to sulfate, with

(morning to evening) random subject effects.
Agocs et al. A panel of 60 asthmatic A mixed model relating TSP SO, time trend, day of No significant relationships with
(1997) children was followed for to the morning and evening week, temperature, TSP were found

two months in Budapest, PEFR measurements was humidity

Hungary used
Giintzel et al.  An asthma reporting system A Box-Jenkins ARIMA time Ozone, Temperature No significant relationships were
(1996) was used in connection with  series model was used to SO,, NO, found

pollutant monitoring in relate asthma to TSP

Switzerland from the fall of

1988 to the fall of 1990
Taggart et al. A panel of 38 adult A generalized linear model SO,, NO, Temperature Small effects were seen in relation
(1996) asthmatics were followed was used to relate pollutants to NO, and black smoke

Delfino et al.
(1996)

from July 17 to September
22, 1993 in northern
England

A panel of 12 asthmatic
children with symptomatic
asthma living in San Diego,
CA were followed during
the early fall of 1993.

to bronchial
hyperresponsiveness

A random effects model was
fitted to ordinal symptom
scores and bronchodilator
use in relation to 24-hour
PM,

OF

Temperature, relative
humidity, fungal
spores, and day of
week.

Symptoms and bronchodilator use
were associated with 12-hour
personal ozone measurements, but
not stationary outdoor monitor data
on 1-hour maximum ozone or
24-hour PM, ;. Fungal spores were
associated with symptoms and
inhaler use.




®) TABLE 6-18 (cont’d). OTHER ASTHMATIC PANEL STUDIES
e
g. Other
@ Study Design Model Type Pollutants Other Covariates Results
& Definoetal. A panel of 9 adults and A random effects model was O, Temperature, relative Although PM,, never exceeded
© (1997) 13 children were followed fitted to ordinal symptom humidity, fungal 51 ug/m’, bronchodilator use was
during the late spring of scores, bronchodilator use, spores, day of week significantly associated with PM,,
1994 in a semi-rural area of ~ and PEF in relation to (0.152 inhaler puffs/10 ug/m®;
San Diego County at the 24-hour PM,,. SE 0.064). Fungal spores were
inversion zone elevation of associated with all respiratory
around 1,200 feet. outcomes.
Hiltermann Sixty outpatient asthmatics The association of log 0O, Mugwort-pollen An association of inflammatory
etal. (1997)  were examined for nasal transformed inflammatory parameters in nasal lavage of
inflammatory parameters in parameters to 24-h PM,, patients with intermittent to severe
The Netherlands from July 3 were analyzed for using a persistent asthma with ambient
to October 6, 1995. linear regression model. ozone and allergen exposure was
observed, but not with exposure to
PM,,.
?\
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TABLE 6-19. OTHER NON-ASTHMATIC PANEL STUDIES

Study

Design

Model Type

Other Pollutants

Other Covariates

Results

Spektor et al. (1991)

Studnicka et al. (1995)

Scarlett et al. (1996)

Gordian et al. (1996)

Cuijpers et al. (1994)

Awasthi et al. (1996)

Miyao et al. (1993)

Long et al. (1998)

Boezen et al. (1998)

Linn et al. (1996)

Monthly time series analysis of
pulmonary function

Three panels of 16 to 19 day
duration measured at a summer
camp

154 school children had
pulmonary function measured
daily for 31 days

Outpatient visits for upper
respiratory symptoms were related
to ambient PM,, levels

Summer episode study in
Maastrucht, The Netherlands PM,,
measured.

A cohort of 664 preschool children
were followed for two weeks each
in northern India

Japanese national health insurance
records were correlated with
suspended particulate matter

428 participants with mild airway
obstruction in a health study were
surveyed during a pollution
episode

75 symptomatic and asymptomatic
adults near Amsterdam were
surveyed during the winter of
1993-1994 for three months

269 school children in Southern
California were surveyed twice
daily for one week in the fall,
winter and spring for two years

Not given

Linear regression of lung function
allowing for repeated measures

Separate autoregressive models for
each child were pooled

An autoregressive Poisson model was
fitted to detrended pollution and
meteorological data

Paired t tests were used for
pulmonary function tests, methods
for respiratory symptoms not given

Ordinary least squares was used to
relate a respiratory symptom complex
to suspended particulate matter

Pearson correlation

Gender specific odds ratios of
symptoms were calculated for
differing PM,, levels using the
Breslow-Day test

An autoregressive logistic model was
used to relate PM,, to respiratory
symptoms, cough, and phlegm.

A repeated measures analysis of
covariance was used to fit an
autoregressive model

Soza 03

H+, sulfate, ammonia,

ozone

PM,,, ozone, NO,

CO

SO,, NO,, BS, ozone,

H+

SO,, nitrates

S0,, NO,

TSP, VOC

S0O,, NO,

NO,, ozone

Height, weight

Temperature,
humidity, pollen

Pollen, machine,
operator, time of day,
time trend

Weekday, temperature

none in model

Coal, wood, kerosene

cedar and cyprus
pollen

Daily minimum
temperature, time
trend, day of week

Year, season, day of
week, temperature

Pulmonary function related to PM,,

Pulmonary function related to H+
but not to PM,,

PM,, was related to changes in FEV
and FVC

Upper respiratory symptoms were
associated with increased PM,,
levels

Small decreases in lung function
were found

A significant regression coefficient
between PM and symptoms was
found

No significant correlation with
particulate matter was found

Cough, wheezing, chest tightness,
and shortness of breath were all
increased during the episode

No relationship was found with
pulmonary function. Some
significant relationships with
respiratory disease were found in
subpopulations

Moring FVC was significantly
decreased as a function of PM; and
NO,
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Timonen and Pekkanen (1997) found a relationship between PM,, and decreases in
morning peak flow for lags of two days or for a four day mean. When NO, was added to the
model, the coefficients for PM,, remained essentially unchanged.

Romieu et al. (1997) found a significant relationship between peak flow and respiratory
symptoms as dependent variables and ozone and PM,, as independent variables in asthmatic
children in Mexico City. When both ozone and PM,, were included in the model, the
significance of ozone increased. PM,, was not significant in this study and it remained so after
the inclusion of ozone. Romieu et al. (1996) in a separate study found an effect of PM, ; on peak
flow. This effect remained after the inclusion of ozone in the model.

Studnika et al. (1995) observed decreases in FEV, as a function of H+ and PM, levels in
children participating in a summer camp. The coefficients for PM,, remained relatively constant
with the inclusion of H+ in the model.

Gold et al. (1999) found that both PM,  and ozone were related to changes in morning peak
flow. The combined effect of the two pollutants was somewhat larger than the effect of each
pollutant individually in the model, but was less than the sum of the two separate effects.

Although these studies are not definitive about the effects of multiple pollutants, it does
appear that the pollutants considered in these models act somewhat independent of each other.
There were no cases where the statistical significance was eliminated by the inclusion of

co-pollutants.

6.2.2 Long-Term Exposure Effects on Lung Function and Respiratory
Symptoms

A small number of studies have been published recently which looked at the effects of
long-term PM exposure on lung function and respiratory illness. Some of these did not relate
effects directly to PM,, or PM, ;.

Dockery et al. (1996) examined respiratory health effects among 13,369 white children,
aged 8 to 12 years, from 24 communities in the United States and Canada. A two-stage logistic
regression model was used to adjust for potential confounding from gender, history of allergies,
parental asthma, parental education, and smoking in the home. The city-specific range in the

annual pollutant means from local monitors were 14.9 pg/m® for PM, , and 17.3 pug/m’ for PM,,,.
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Although the endpoint of bronchitis was significantly related to fine particulate sulfates, no
endpoints were related to PM,, levels.

Abbey et al. (1998) studied associations between lung function measures collected in 1997
and estimated 20-year exposure to respirable particulates, suspended sulfates, ozone, and PM,, in
1391 non smoking seventy-day adventist, throughout CA. Increased frequency of days where
PM,, exceeded 100 ng/m® was associated with a decrement in FEV in males whose parents had
asthma, bronchitis, emphysema, or hay fever. No other effects were seen in any other subgroups.

Braun-Fahrlénder et al. (1997) studied the impact of long-term exposure to air pollution on
respiratory symptoms and illnesses in a cross-sectional study of school children (aged 6 to
15 years), living in ten different communities in Switzerland. Air pollution measurements
included PM,,, NO,, SO,, and ozone. Local PM,, measurements yielded annual PM,, means in
the ten communities ranging from 10 to 33 xg/m°. Symptoms were analyzed using a logistic
regression model that included the covariates of family history of respiratory and allergic
diseases, number of siblings, parental education, indoor fuels, passive smoking, and others. The
endpoints of chronic cough, bronchitis, wheeze and conjunctivitis symptoms were all related to
the various pollutants. The collinearity of the pollutants prevented any causal separation.

Ackermann-Liebrich et al. (1997) studied the long-term effect of air pollution in a
cross-sectional population-based sample of Swiss adults aged 18 to 60 years. Air pollutants
monitored by local authorities in each of eight regions included SO,, NO,, TSP, ozone, and PM,,.
Annual PM,, means ranged from 10.1 to 33.4 ng/m’. A random sample of 2,500 adults in each
region was drawn from registries of the local inhabitants. The natural logarithm of FVC and
FEV, was regressed against the natural logarithms of height, weight, age, gender, atopic status,
and pollutant variables. The estimated regression coefficient for PM,, versus FVC was
-0.0345 with 95 percent confidence intervals of -0.0407 t0-0.0283. The corresponding value for
FEV, was -0.0160 with 95 percent confidence interval of -0.0225 to -0.0095. Thus, a 10 ug/m’
increase in PM,, was estimated to lead to an estimated 3.4 percent decrease in FVC and
1.6 percent decrease in FEV .

Von Mutius et al. (1995) studied 9 to 11 year old school children living in Leipzig, East
Germany. Parents filled out a respiratory disease questionnaire. The presence of respiratory
symptoms was confirmed by a physician. After controlling for parental education, passive smoke

exposure, temperature, and humidity, the odds ratio for developing upper respiratory illness was
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1.62 with 95 percent confidence limits of 1.08 to 2.45. PM was measured by beta-absorption.
The same effects were seen when the other pollutants were used as the independent variable.

Raizenne et al. (1996) examined the health effects of exposure to acidic air pollution
among children living in 24 communities in the United States and Canada. Parents of the
children (aged 8 to 12) completed a self-administered questionnaire. Pulmonary function
measurements were taken at the end of the pollution monitoring period. These measurements
were analyzed using a two-stage regression analysis that adjusted for age, gender, height, and
weight. Although decreases in lung function were highly related to particle strong acidity, they
were also related to PM,,. The particle strong acidity range over the study areas was
43.4 nmol/m’.

To study whether chronic effects of ozone exposure can be observed in an unselected
cohort of 1,150 children, Frischer et al. (1999) prospectively followed a cohort of primary school
children in Austrian counties by repeated measurements of lung function between January 1994
and December 1996. This unique study observed during the 3 yr time period small but consistent
decrements in lung function in a cohort of children with ambient ozone exposure. They report
that for PM,,, a positive effect was seen for winter exposure, which was completely confounded
by temperature. Tager (1999) comments that in this study the data indicated that summertime
PM,, was associated with decreased growth of MEF,, (maximum expiratory flow at 50% of vital
capacity). However, the more important comment of Tager (1999) is that cross-sectional studies
are fraught with too many methodological problems, and should be abandoned as a design
strategy and that the approach taken by Frischer et al. (1999) offers a practical study design that
should be emulated. Such shorter term prospective studies of young children will help develop a
more substantive database through which more accurate estimates of effects of ambient air
pollution on lung function growth can be obtained.

Lewis et al. (1998) studied 3,023 primary school children in New South Wales. Particulate
and sulfur dioxide measures were collected from January 1993 to December 1993. Children in
each of the nine areas were chosen to be within 3 km of a monitoring station. Night cough, chest
colds, and wheeze were found to be related to PM,, levels.

Peters et al. (1999a) studied 12 southern California communities with differing levels of
pollution. In each community, 150 students in grades 4 and 7 were enrolled. The study was

conducted in 1993, but pollution estimates were based on the years 1986-1990. Several
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respiratory illness rates were related to PM,, levels including the presence of asthma, bronchitis,
cough, or wheeze. None of the symptoms were significantly related to PM,,. Peters et al.
(1999b) also studied the effect of PM,, on lung function in the same population. Forced vital
capacity and mid-maximal flow rate were negatively related to PM,, levels, but FEV, and peak
flow were not. All results tended to show a negative effect of PM,,.

Three other studies related long-term PM,, exposure to PM,,. Jammes et al. (1998)
compared lung function at two sites (suburbs and downtown Marseilles) and found some
differences. Zemp et al. (1999) studied the effect of PM,, on respiratory symptoms in eight
communities in Switzerland and found that PM,, was related to differences in rates of chronic
phlegm, breathlessness, and dyspnea in never smokers. Results for ex-smokers and current
smokers tended to show smaller effects. McDonnell et al. (1999) looked at a cohort of
3,091 non-smokers in southern California (AHSMOG Study). Most of the analyses were done
using ozone as the pollutant of interest, and the inclusion of PM,, in the analyses had little effect
on the coefficients for ozone.

Goren et al. (1999) studied school children (ages 7 to 13 years) who resided in two
communities where one community had quarries and a cement factory as PM sources, while the
other community was geographically near but divided from the sources by two valleys and two
hills. Pollutants measured included only TSP and, for a limited time, PM,,. Both pulmonary
function measurements and respiratory symptom data were obtained by standard methods in the
spring of 1995. While geographically close the socioeconomics status of the populations differed
significantly and was thus controlled for the logistic regression analyses. Approximately 16% of
PM,, levels exceeded 150 pg/m’ in the source-exposed community. TSP levels in the adjacent
community were about 30 to 60% of those in the source-exposed community. The source
community had a PEF decrement of 97.03% predicted, while the adjacent community was at
99.80% with a p = 0.0326 for the difference. While not significant, positive OR’s were found for
the symptoms such as a cough without cold.

Other new studies examined long term pollutant effects but did not use PM,, or PM, ; as the
PM measure (De Kok et al., 1996; Chen et al., 1998; and Zejda et al., 1996).

Overall, the results of the chronic studies are not consistent. Some studies show effects for
some endpoints, but other studies fail to find the same effects. It is generally more difficult to

find a gradient in long term exposures, whereas short term studies need only find an area with
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occasional high exposures. For this reason it is not surprising that the studies show less

consistency than the acute exposure studies.

6.2.3 Effects of Short-Term PM Exposure on the Incidence of Respiratory
Medical Visits and Hospital Admissions

6.2.3.1 Introduction

Potentially the most severe morbidity measure evaluated with regard to PM exposure is
hospitalization. Hospital emergency department (ED) visits represent a somewhat less severe,
but related, outcome that has also been studied in relation to air pollution. In addition, doctors
visits also represent a related health measure that, although even less studied, is also relevant to
those who also suffer severe health effects, but captures a different population than ED visits:
those who choose to visit a private doctor, rather than attend an emergency department. This
latter category of pollution affected persons can represent a large population, yet one that is
largely unobserved, due to the usual lack of centralized data regarding doctors’ visits. Indeed, we
are often limited in such epidemiologic studies to “looking under the lamp post” for effects in
data that are routinely collected, but which may miss many cases of adverse effects that are just
as severe, but are not included in the routine health care record keeping system at hospitals.

This section evaluates present knowledge regarding the epidemiologic associations of
hospitalizations and medical visits with ambient PM exposure. It intercompares various PM
components vis-a-vis their relative associations with adverse health effects, as well as their
respective extents of coherence in the PM associations exhibited across related measures of
adverse health effects. In the following discussions, the focus for quantitative intercomparisons
is on studies and results considering PM metrics that quantitatively measure mass or a specific
mass constituent, i.e.:. PM,,, PM, ., sulfates (SO,"), or acidic aerosols (H"). Study results for
other related PM metrics (e.g., Black Smoke; BS) are also considered, but only qualitatively,
primarily with respect to their coherence or lack of coherence with studies using the mass or
composition metrics measured in North America. In order to consider the potentially
confounding effects of other co-existing pollutants, study results for the various PM metrics are
presented both for: (1) the case when the PM metric is the only pollutant in the model; and,
(2) the case where a second pollutant, ozone, is also included in the model (as ozone has been

shown by most past studies to be the most important co-pollutant affecting respiratory
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admissions). Results from models with more than two pollutants included simultaneously are
not used for quantitative estimates of coefficient size or statistical strength, due to increased
likelihood of bias and variance inflation due to multi-collinearity of various pollutants (e.g., see

Harris, 1975).

6.2.3.2 Summary and Implications of Studies Assessed in the 1996 PM AQCD

In the 1996 PM AQCD, it was found that both COPD and pneumonia hospitalization
studies showed moderate, but statistically significant, relative risks in the range of 1.06 to
1.25 per increase of 50 wg/m’ in PM,, or its equivalent. There was a suggestion of a relationship
between ambient PM,, and heart disease admissions, but the estimated effects were smaller than
the effects for other endpoints. While a substantial number of hospitalizations for respiratory
illnesses occur in those >65 years of age, there are also numerous hospitalizations for those under
65 years of age. Several of the hospitalization studies restricted their analysis by age of the
individuals, but did not explicitly examine younger age groups. One exception noted was Pope
(1991), who reported an increase in hospitalization for Utah Valley children (aged 0 to 5) for
monthly numbers of admissions in relation to PM,, monthly averages, as opposed to daily
admissions in relation to daily PM levels used in other studies.

Studies examining acute associations between indicators of components of fine particles
(e.g., British smoke, BS; sulfates, SO,”; and acidic aerosols, H") and hospital admissions were
also reported as finding significant relationships. While sulfates were especially predictive of
health effects, it was not clear whether the sulfate-related effects were attributable to their acidity,

or to the broader effects of associated combustion-related fine particles, in general.

6.2.3.3 Key New Respiratory Medical Visits Studies

As discussed above, medical visits include both hospital emergency department (ED) visits
and doctors’ office visits. As in the past CD’s, most of the available morbidity studies discussed
below are of ED visits and their associations with air pollution, but new studies look at the
primary care setting such as a study conducted in Paris, France which looks at doctors’ visits to
patients in that city. This provides a new insight into the scope of air pollution’s effects on

severe morbidity.
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Delfino and colleagues (1997) examined the association between air pollution and
emergency department (ED) visits in Montreal, Canada from June through September 1992 and
1993. Air pollutants measured included: O,, PM,,, PM, s, the SO, fraction of PM, ., and aerosol
strong acidity (H"). Temporal trends, autocorrelation, and weather were controlled for in
time-series regressions. For 1992, no significant associations with ER visits were found, but
33% of the particulate data were missing. For 1993, only H" was significant for children less
than 2 years of age, despite very low levels of aerosol acidity (mean effect of 4 nmol/m’= 5.0%:
CI=0.4-9.6%). There were no significant associations between air pollution and ED visits for
persons 2-64 yrs. of age. For patients over 64 yrs. of age, 1-h maximum O,, PM,,, PM, 5, and
SO, were all positively associated with respiratory visits (p < 0.02). Effects of particles in the
older adults were smaller than for O,, with mean effect sizes of 16% (CI = 4-28%), 12%
(CI=2-21%) and 6% (CI = 1-12%) for PM,,, PM, ,, and SO, , respectively. Ozone and PM,,
levels never exceeded 67 ppb and 51 pg/m’, respectively.

Delfino et al. (1998) examined the relationship between the number of daily ED visits for
respiratory illnesses and outdoor air pollution in Montreal, Quebec (June-August, 1989-1990).
Air pollutants measured included 1- and 8-h maximum ozone (O,) and estimated PM, ;. Seasonal
and day-of-week trends, autocorrelation, temperature, and relative humidity were addressed
in-time series regressions. Although O, levels never exceeded the U.S. National Ambient Air
Quality Standard (NAAQS) of 120 ppb (maximum day, 106 ppb), statistically significant
(P <0.01) relationships were found between respiratory ER visits for patients over the age of
64 with both 1- and 8-h maximum O, measured 1 day prior to the ER visit day during the
1989 summer. There was an association between respiratory ER visits for the elderly and
estimated PM, 5 lagged 1 day (0.1 visit/ug/m’ PM, 5, P < 0.07), but this was found to be
confounded by both temperature and O,. Direct PM, ; measurements were only available every
sixth day, and the estimated PM, 5 was derived from daily measurements of Coefficient of Haze
(CoH), O,, NO,, barometric pressure, and RH corrected light extinction coefficient (B,,,) derived
from visibility data. The authors noted that, because of this, their estimated PM, ; metric “should
obviously be viewed as an indicator of the level of photochemical smog rather than as an
accurate measurement of PM, .. The authors concluded that their findings confirmed the
impression that, while air quality standards may protect the respiratory health of the general

population, this is not the case for especially susceptible subgroups such as the elderly.
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Lipsett et al. (1997) examined whether there was a relationship between ambient air
pollution in Santa Clara County, CA and emergency room visits for asthma during the winters of
1988-89 through 1991-1992. ED records from three acute-care hospitals were abstracted to
compile counts of daily visits for asthma and for a control diagnosis (gastroenteritis) for 3-mo
periods during each winter. Air monitoring data included daily CoH and PM,,, as well as hourly
NO, and O, concentrations. Daily CoH measurements were used to predict values for missing
days of PM,, to develop a complete PM,, time series. Daily data were also obtained for
temperature, precipitation, and relative humidity. In time-series analyses using Poisson
regression, consistent relationships were found between ER visits for asthma and PM,,,.
Same-day NO, was also associated with asthma ED visits, while ozone was not. Because there
was a significant interaction between PM,, and minimum temperature in this data set, estimates
of relative risks (RR’s) for PM,-associated asthma ED visits were temperature-dependent.

A 60 pg/m® change in PM,, (2-day lag) corresponded to RR’s of 1.43 (95% CI = 1.18-1.69) at

20 degrees F, representing the low end of the temperature distribution, 1.27 (95% CI=1.13-1.42)
at 30 degrees F, and 1.11 (95% CI=1.03-1.19) at 41 degrees F, the mean of the observed
minimum temperature. ED visits for gastroenteritis were not significantly associated with any
pollutant variable. Several sensitivity analyses, including use of robust regressions and of
nonparametric methods for fitting time trends and temperature effects in the data, supported these
findings. The authors conclude that these results demonstrate an association between ambient
wintertime PM,, and exacerbations of asthma in an area where one of the principal sources of
PM,, is residential wood combustion.

Pantazopoulou et al. (1995) examined short-term exposure effects of air pollution on
morbidity in the greater Athens area during 1988. Data were collected on the daily number of
emergency outpatient visits and admissions for cardiac and respiratory causes (diagnoses at time
of admission) to all major hospitals. Measurements of air pollution included values for BS, CO,
and NO,. Statistical analysis was done using multiple linear regression models controlling for
potential confounding effects of meteorological and chronological variables, separately for winter
and summer. The daily number of emergency visits was related positively with the levels of the
various air pollutants, but this association reached the nominal level of statistical significance
only for NO, in winter. The number of emergency admissions for cardiac and respiratory causes

was related to a statistically significant degree with all indices of air pollution during the winter.
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Two studies examine medical visits of children in Brazil and Chile. Lin et al. (1999) report
the association between air pollution and pediatric respiratory emergency visits (RESP) in
Séo Paulo, Brazil, from May 1991 to April 1993. The average of ten centrally located stations
were used to provide daily city-wide levels of SO,, CO, PM,,, O,, and NO,. Poisson regression
was employed on 5-day lagged moving average based on the outcome of preliminary analyses.
Based on the results of this regression model, they reported a statistically significant association
between PM,, and pediatric emergency admission due to respiratory diseases even while
controlling for season, weather, and day of week (1.040; 95% CI 1.034-1.046). The inclusion of
other pollutants in the model did not substantially modify the estimated coefficients of PM,,,
suggesting that the pollutant has an independent effect on RESP (1.052, 95% CI 1.042-1.063).
Further, quintile analysis of unadjusted PM,, data appears to have revealed a general
concentration-response relationship. The author states that this outcome represents a serious
public health problem for the children of Sdo Paulo — noting that a large increase in the counts of
respiratory emergency visits; more than 20% — can be observed for the most polluted days.

In Santiago, Chile, Ostro et al. (1999) studied cohorts of children 3-15 years of age and
below age 2 for daily medical visits to primary health care clinics for either upper or lower
respiratory symptoms in relation to PM,, and ozone measurements. For children under age 2,

a 50 ug/m’ change in PM,, was associated with a 4 to 12% increase in lower respiratory
symptoms while the older group (3 to 15 years) ranged from 3 to 9%. The average of four
stationary monitors located downtown within a 12 km? quadrilateral was used to obtain the daily
concentrations of PM,, and O,. The daily mean PM,, level was 108.6 ng/m’ (min-max 18.5 to
380 ug/m®). The magnitude of the effect of one pollutant was not impacted by the inclusion of a
second pollutant in the model. Analyses of lag periods appeared to be most significant for single
day lags and cumulative exposure over a 5-day period generated the strongest effect.

Stieb et al. (1996) examined the relationship of asthma emergency department (ED) visits
to daily concentrations of air pollutants in Saint John, New Brunswick, CN. Data on ED visits
with a presenting complaint of asthma (n = 1987) were abstracted for the period 1984-92
(May-September). Air pollution variables included: O,, SO,, NO,, SO,", and TSP. Weather
variables included temperature, humidex, dew point, and relative humidity. Daily ED visit
frequencies were prefiltered to remove day-of-week and long wave trend effects, and filtered

values were regressed on air pollution and weather variables for the same day and the 3 previous
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days. A positive, statistically significant (p < 0.05) association was observed between O, and
asthma ED visits 2 days later. The O, effect was not significantly influenced by the addition of
weather or other pollutant variables into the model or by exclusion of repeat ED visits. However,
given the limited number of sampling days available for SO, and TSP (measured only once
every sixth day of this study), the authors concluded ““a particulate effect could not be ruled out”.

Other recent medical visit studies for asthma include the following: Norris et al. (1999)
examined emergency department visits by children (under the age of 18) to six hospitals for
asthma and daily air pollutant data to include PM, ; levels in the inner city of Seattle, Washington
over 15 months during 1995 and 1996. A semiparametric poisson regression model yielded
significant association for PM, s and CO. A change of 11 xg/m’ in PM, ; was associated with a
relative rate of 1.15 (95% CI 1.08 - 1.23). Yang et al. (1997) studied asthma emergency room
visits and air pollution (CO, O,, PM,,) in Reno, Nevada for the period 1992-1994. Total asthma
visits were found to increase 33.7%, (95% Cl range 6.0 - 61.5%) for every 100 ppb in the O,
level. No association, for CO or PM levels with asthma ER visits were found. PM,, by -
method had a mean of 33.6 with a min/max of 2.17 to 157.32 ug/m’ and 6-day Hi-Vol yielded a
mean of 38.01, min 10.2 to max 119.17. Ozone average was 51.01 range 16 to 100 ppb. Daily
average emergency visits for asthma averaged 1.75. In a bivariate analyses none of the three air
pollutants was statistically significantly associated with ER asthma visits. The concentration of
PM,, of CO, and O, were correlated. Choudhury et al. (1997) examined insurance claims data in
Anchorage, Alaska for medical visits for asthma, bronchitis, and upper respiratory infection over
a three year period in relation to 24-hr PM,, concentration. No other pollutants were examined.
They concluded that fall is positively associated with asthma visits, but not winter, and suggest
that PM,, levels are less during the winter when the ground is covered with snow and ice.

Garty et al. (1998) report a study in Israel of emergency room visits for acute asthma
attacks of asthmatic children age 1 to 18 years for January 1 to December 31, 1993 in relation to
pollutant levels. No significant correlation with concentration of particulate was observed. The
authors comment that airborne particle levels (50% with size less than 10 ym fluctuated around a
rather constant level without outstanding peaks or troughs. An exceptionally high incidence of
ER visits of asthmatic children, observed during September, coincided with the beginning of the
school year, possibly due to an increase in the number of viral illnesses. The correlation between

ER visits and pollutants increased significantly when the September peak was excluded.
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Tenias et al. (1998) studied the association between hospital emergency visits for asthma
and air pollution (black smoke, SO,, NO,, O,) in Valencia, Spain during the period 1994-95
using the APHEA analysis approach that takes into account potential confounding factors. For
an increase in smoke of 10 pg/m’ at lag